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ABSTRACT 

A  reverse  seismic  profile  was  shot  in  Southern  Alberta  in  an 
east-west  direction  between  Suffield  and  High  River,  a  distance  of 
some  150  miles.  Eighteen  useful  records  were  obtained  from  an  east¬ 
ern  shot  point  on  the  Suffield  range,  and  eight  useful  records  were 
obtained  from  a  western  shot  point  12  miles  north  of  Vulcan.  The 
spread  lengths  varied  from  0.  91  km.  to  2.  50  km.  ,  and  the  shot  sizes 
ranged  from  240  pounds  to  1000  pounds  buried,  and  from  5  tons  to  20 
tons  surface.  Much  useful  information  has  been  obtained  from  an 
analysis  of  these  records. 

Wave  groups  from  deep  seismic  boundaries  in  the  earth's  crust 
were  isolated  on  the  seismograms.  The  results  indicate  a  limestone 
layer  with  a  velocity  of  5.  88  kms.  /  sec.  at  an  average  depth  of  1 . 4  kms. 
Refractions  from  the  basement  indicate  a  boundary  velocity  of  6.  40 
kms.  /  sec.  ,  and  an  average  depth  of  2.  7  kms.  ,  with  a  6  minute  dip  to 
the  east.  Good  refractions  were  also  observed  from  an  intermediate 
layer  with  a  boundary  velocity  of  7.  32  kms.  /  sec.  at  an  average  depth 
of  34.  2  kms.  This  layer  has  a  dip  of  34  minutes  to  the  east.  Reflection 
data  also  supports  this  discontinuity.  It ‘may  or  may  not,;be  the  so-called 
Conrad  discontinuity.  Good  refractions  and  a  clear  broad  reflection 
curve  were  isolated  on  the  records,  and  attributed  to  the  Mohorovicic 
discontinuity.  The  velocity  just  below  this  discontinuity  is  8.  25  kms.  /sec. 
and  the  boundary  has  a  dip  of  29  minutes  east  over  the  region  sampled  by 
the  seismic  waves.  The  average  depth  to  the  Moho  is  47.  5  kms. 


A  low  velocity  layer  was  introduced  between  the  basement  and 
the  intermediate  layer,  with  a  velocity  of  6.  10  kms.  /sec.  This  was 
necessary  in  order  to  make  critical  points  from  the  intermediate  laye 
and  the  Mohorovicic  discontinuity  agree  with  strong  energy  bursts. 
Support  for  this  layer  is  given  in  the  body  of  the  thesis. 

All  of  these  results  are  compared  with  those  of  Richards  and 
Walker  (1959),  and  those  of  Steinhart  et  al.  in  Montana.  Very  good 
agreement  is  seen  in  some  phases  of  the  work.  Basement  and 
Mississippian  arrivals  are  also  compared  with  the  theoretically 
predicted  arrivals,  based  on  a  geological  cross  section  of  the  area. 

Many  ambiguities  are  still  present  in  the  results  of  this  year. 
More  work  will  be  carried  out  next  year  by  the  University  of  Alberta 
in  the  same  general  area.  This  should  clear  up  any  ambiguities 
which  are  present. 
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CHAPTER  I 
INTRODUCTION 

In  the  summer  of  1962,  the  University  of  Alberta  undertook  a 
study  of  the  crust  of  the  earth  in  Southern  Alberta,  using  the  large 
scale  seismic  method.  The  program  was  sponsored  by  the  USAF  and 
ARI  A  of  the  United  States,  and  was  under  the  supervision  of  Dr.  G.  D. 
Garland  of  the  University  of  Alberta.  Dr.  G.  L.  Cumming  was  in 
charge  of  many  of  the  field  trips.  The  University  purchased  two  sets 
of  VJLF  Seismic  equipment  from  Texas  Instruments,  with  12  geophones 
per  set.  One  unit  was  installed  in  each  of  our  two  panel  trucks,  which 
were  used  throughout  the  summer  for  transportation.  Each  truck  was 
manned  by  a  graduate  student  and  an  undergraduate  assistant.  The 
shots  from  the  east  were  all  set  off  by  the  Suffield  Experimental  Sta¬ 
tion,  who  co-operated  with  us  fully  on  this  project.  Very  high  frequency 
radio  communication  was  established  from  Suffield  out  to  High  River  by 
the  use  of  two  repeater  stations,  one  at  Rainier,  and  the  other  north  of 
Vulcan  on  Buffalo  Kill.  Two-way  General  Electric  TPE  mobile  radio 
sets  were  installed  in  each  of  our  trucks.  Thus,  the  trucks  were  always 
in  direct  communication  with  the  shot  point  for  shots  from  the  east. 
Timing  on  the  records  was  provided  by  a  one-second  tone  from  -1  sec. 
to  zero  transmitted  by  Suffield  to  the  truck.  The  shot  always  went  off 
within  3  millisecs.  after  the  end  of  the  tone. 

The  shots  from  the  West  were  set  off  by  the  Century  Geophysical 
Company.  Timing  was  provided  by  a  chronometer  and  a  WWV  receiver 
at  both  the  shot  point  and  the  recording  trucks.  Two  American  groups, 
the  United  States  Geological  Survey  and  the  United  States  Coast  and 
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Geodetic  Survey,  assisted  us  by  recording  some  of  the  shots  from 
the  west. 

Each  of  the  University  trucks  had  12  geophones,  with  an  aver¬ 
age  spacing  of  410  ft.  The  original  idea  was  to  have  one  spread  every 
8  to  12  miles  from  Suffield  out  to  High  River,  but,  due  to  unforeseen 
problems,  this  idea  was  not  carried  out.  The  coverage  from  the  east, 
however,  is  quite  good,  with  records  spaced  from  1  mile  to  1  5  miles, 
although  a  few  of  the  records  are  of  extremely  poor  quality. 

The  main  purpose  of  the  project  was  to  determine  the  depth 
and  dip,  if  any,  of  the  Mohorovicic  discontinuity  in  Southern  Alberta. 

This  was  accomplished,  and  many  other  interesting  tilings  were  dis¬ 
covered  as  well.  It  was  possible,  for  example,  to  determine  the  relative 
merits  of  a  buried  and  surface  shot.  Several  microseismic  experiments 
were  carried  out  by  Erik  Hjortenberg,  and  they  will  form  part  of  his 
Ph.  D.  thesis.  Much  valuable  information  was  also  obtained  about  the 
VLF  seismic  equipment.  This  will  enable  future  seismic  expeditions 
of  the  University  of  Alberta  to  be  even  more  successful,  and  to  yield 
more  information.  The  seismic  records  also  yield  important  informa¬ 
tion  about  other  seismic  discontinuities  in  the  crust  of  the  earth,  and 
even  indicate  possible  discontinuities  below  the  Moho.  However,  many 
ambiguities  are  still  present,  and  additional  work  will  be  necessary  in 
Southern  Alberta  before  a  complete  picture  of  the  earth's  crust  in  that 
area  can  be  determined.  This  additional  work  will  be  done  next  summer 
by  the  University. 

The  region  of  Southern  Alberta  was  chosen  for  this  work  for 
several  reasons:  (1)  it  is  open,  flat  country  very  suitable  for  seismic 
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work;  (2)  an  independent  determination  of  depth  to  M  was  carried  out 
by Rich*.rJs-iU)*lfar\n  1958  using  a  very  short  NW-SE  profile  in  the  area 
near  Calgary;  (3)  the  Suffield  experimental  station  agreed  to  co-oper¬ 
ate  with  us  by  setting  off  the  explosions  for  us;  (4)  the  area  is  relatively 
close  to  Edmonton. 

This  thesis  is  mainly  concerned  with  the  interpretation  of  all 
the  seismic  work  done  in  Southern  Alberta  this  summer  (1962)  by  the 
University.  Several  earth  models  are  tried,  and  one  is  finally  decided 
upon  as  best  fitting  the  data.  The  probable  nature  of  the  Moho  itself, 
however,  is  also  discussed,  and  other  crustal  thickness  determinations 
in  this  general  area  near  the  Rocky  Mountains  are  summarized.  A 
collection  of  seismic  theory  is  also  given. 

I  feel  that  the  summer's  work  added  a  great  deal  to  our  knowledge 


of  the  crust  of  the  earth  in  this  area. 
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CHAPTER  2 

BACKGROUND  INFORMATION 

The  study  of  the  crust  of  the  earth  has  certainly  been 
carried  on  for  a  long  time,  especially  through  the  use  of  near-earth¬ 
quake  observations.  The  analysis  of  near- ear thquake  records  has 
provided  us  with  most  of  our  data  on  the  structure  of  the  earth.  Two 
very  important  contributions  were  made  by  Mohorovicic  (1910)  and 
Conrad  (1925).  Mohorovicic  discovered  the  discontinuity  which  has 
been  named  after  him  and  which  seems  to  be  present  over  the  whole 
earth  at  a  depth  of  30-60  kms.  under  the  continents  and  4-8  kms. 
under  the  ocean  floors.  Conrad  discovered  a  discontinuity  above  the 
Moho,  which  does  not  seem  to  be  as  universal  as  the  Moho.  Explosion 
studies  have  proven  to  be  more  accurate  in  the  determination  of  the 
crustal  properties  of  the  earth  than  have  earthquake  studies.  The 
reasons  for  this  are  clear.  In  explosion  work,  we  can  always  be 
prepared  well  in  advance,  and  we  can  very  often  choose  the  actual 
explosion  site,  and  designate  the  time  of  detonation.  But,  even  if  we 
cannot  do  this,  we  always  know  exactly  the  location  of  the  blast,  and 
the  time  that  it  was  detonated.  None  of  tins  holds  true  in  earthquake 
work  as  one  never  knows  when  a  quake  will  occur  or  where  it  will  occur. 
The  focus  and  time  of  a  quake  can  never  be  known  exactly.  In  explosion 
work,  we  can  lay  out  our  geophones  in  a  profile  which  makes  interpretation 
easier,  and,  since  we  know  roughly  the  arrival  times  of  the  waves  for 
the  distance  we  are  working,  we  can  run  the  seismic  cameras  at  a  faster 
speed  for  much  better  resolution  and  correlation  of  the  seismic  energy. 
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Then,  we  can  often  shoot  reverse  profiles  in  explosion  work  to  get 
reciprocal  times  and  to  calculate  dip. 

Explosion  work  began  in  Europe  with  Weichert  who  made  use 
of  portable  seismic  equipment  to  record  quarry  blasts  from  1926  on. 

By  1929,  recordings  were  being  made  at  ranges  greater  than  50  kms. 

Explosion  work  began  in  North  America  in  the  early  1930's 
with  the  studies  of  quarry  blasts  mostly  in  Southern  California  (Wood 
and  Richter,  1931,  1933;  Byerly  and  Dyk,  1932;  and  Byerly  and 
Wilson,  1935).  None  of  this  explosion  work  as  yet  had  found  the  depth 
to  the  Moho.  The  first  determination  of  crust a.1  thickness  from  blast 
studies  was  that  of  Leet  in  1936.  He  used  quarry  blast  recordings  in 
New  England,  and  found  a  depth  to  M  of  23  kms.  This  figure  he  modi¬ 
fied  in  1941  to  35  kms.  due  to  additional  information  from  earthquake 
data.  Slichter  (1938,  1939)  recorded  more  quarry  blasts  in  New 
England,  and  he  gave  the  depth  to  M  as  23.  5  kms.  for  a  350  kms. 
profile  in  the  Connecticut  valley.  Explosion  studies  of  the  earth's 
crust  were  largely  discontinued  during  World  War  II.  After  the  war, 
the  modern  era  of  controlled  explosion  studies  began.  Three  main 
groups  of  workers  have  been  the  Carnegie  Institution  of  Washington, 
the  Research  Group  for  Explosion  Seismology  in  Japan,  and  work  in 
the  U.  S.  S.  R.  The  main  conclusions  of  each  group  will  be  discussed  in 
the  following  few  pages.  Then,  a  more  detailed  analysis  of  the  work  in 
Montana  will  be  given,  followed  by  a  reinterpretation  of  the  work  by 
Richards  and  ^lker  in  Southern  Alberta. 

(1)  Carnegie  Institution  of  Washington:  Tuve  and  his  fellow 
workers  in  the  years  1946-49,  developed  instruments  capable  of 
detecting  ground  motion  of  the  order  of  10  cm.  at  4-10  c.  p.  s.  The 
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detectors  used  had  a  resonant  frequency  of  2  c.  p.  s.  They  used  charge 
sizes  of  600  to  4000  lb.  and  observed  the  blasts  at  distances  of  up  to 
350  km.  The  results  from  about  140  records  were  published  in  1948. 

The  results  gave  0-10  km.  ,  6.  0-6.  17  km/  sec.  ;  10-24  km  .  , 

6.  7  km.  / sec.  ;  24-42  kms.  ,  7.  0  km.  /  sec.  ;  and  8.  1  5  km.  / sec.  below 
M.  The  crossover  distance  method  of  calculation  from  the  refraction 
results  was  used.  They  did  not  report  any  reflections.  In  1949,  experi¬ 
ments  were  carried  out  in  California,  and  the  model  obtained  for  the 
upper  crust  of  the  earth  was:  a  velocity  of  5.  7  km.  /  sec.  from  0  to  10 
km.  ,  and  a  velocity  of  6.  8  km.  /  sec.  below  10  km.  This  was  quite 
different  from  other  regions.  In  the  next  few  years,  the  Carnegie 
Institution  carried  out  experiments  to  try  to  interpret  the  very  complex 
pattern  of  ground  motion  shown  by  the  seismic  records.  They  concluded 
that  the  reverberation  and  quasi-coherence  (phases  coherent  over  small 
areas,  but  disappearing  when  source  or  detector  were  moved  a  small 
amount)  were  caused  by  conversion  of  body  waves  to  surface  waves 
near  the  detectors.  Some  of  this  complex  motion  may  be  due  to  the 
nature  of  the  motion  at  the  source  as  well  as  to  the  response  character¬ 
istics  of  the  ground-detector  system.  Model  experiments  were  con¬ 
ducted,  which  proved  that  obstacles  on  the  free  surface  of  a  layered 
model  converted  P  waves  to  Rayleigh  waves. 

A  significant  contribution  of  the  Carnegie  group  was  their 
identification  of  critical  reflections.  For  identification  of  the  Moho, 
they  imposed  the  double  criterion  that  the  refraction  data  and  critical 
reflection  data  both  had  to  be  satisfied.  An  important  point  is  that  the 
Carnegie  group  have  never  identified  a  vertical  reflection  from  the 
Moho.  They  have  seen  arrivals  at  the  correct  times,  but  there  were 
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always  other  arrivals  just  as  strong  very  close  to  the  ones  at  the 
correct  times.  The  reverberation  level  was  always  higher  than  the 
amplitude  of  the  expected  vertical  reflections  anyway. 

Another  important  point  is  that  the  Carnegie  group  have  reported 
again  and  again  that  no  definite  intermediate  layers  were  found.  They 
imposed  the  criterion  that  critical  reflections  and/or  a  very  good 
number  of  refraction  arrivals  must  be  found  before  a  layer  could  be 
definitely  identified.  According  to  Steinhart  and  Meyer,  the  preceding 
points,  which  I  have  summarized,  are  the  chief  contributions  of  the 
Carnegie  Institution  of  Washington  to  date. 

(2)  The  Research  Group  for  Explosion  Seismology,  Japan:  The 
first  work  in  Japan  was  done  in  northeastern  Japan  in  the  years  1951-55 
with  the  observations  of  commercial  blasts.  The  velocity  below  the 
crust  was  not  very  well  defined,  and  the  velocities  varied  with  different 
directions  of  observation.  The  trouble  was  attributed  to  lack  of  enough 
recordings  and  dip  of  the  layers.  The  seismometers  were  generally  of 
a  3  c.  p.  s.  resonant  frequency.  Overall  magnification  of  the  system 
was  between  10°  and  10  '.  Overall  timing  accuracy  was  0.  1  sec.  or 
better  (they  employed  direct  recording  of  JJY,  the  Japanese  radio  time 
standards).  Distance  was  measured  from  large  scale  maps,  the 
accuracy  being  about  t  30  meters.  The  method  they  used  in  choosing 
models  was  given  by  Matuzawa  (1959).  They  used  only  the  seismic  data 
for  interpretation,  and  geological  and  gravity  data  were  only  considered 
after  the  model  was  chosen.  Models  were  to  be  as  simple  as  possible 
and  still  satisfy  the  data.  Models  were  considered  adequate  when  the 
remaining  residuals  were  less  than  +  0.  03  sec.  The  method  of 
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interpreting  the  data  consisted  of  solving  for  dips  which  would  explain 
apparent  velocities  in  different  directions,  and  then  introducing  some 
relief  into  the  discontinuities  to  explain  the  "early"  or  "late"  groups 
of  arrivals.  But,  often  several  models  will  fit  one  group  of  data. 

Thus,  the  group  realized  that  reverse  profiles  were  necessary  to 
determine  the  velocities  accurately.  Some  attempt  was  made  to 
determine  crustal  structure  by  using  shear  waves,  but  this  was  not 
sue  ce  s  sful. 

Vertical  reflections  from  deep  within  the  crust  were  reported 
twice  by  this  group.  But,  there  are  always  other  arrivals  very  near 
the  ones  chosen  which  may  just  as  well  have  been  used.  Also,  on  one 
record,  an  arrival  at  11.35  secs,  is  attributed  to  the  Moho,  while  a 
second  arrival  of  the  same  strength  at  12.  S5  secs,  is  just  ignored. 

A  notable  feature  of  the  Japanese  work  is  the  lower  P*  velocity 
(Moho)  of  7.  7  km.  /sec.  This  also  agrees  with  the  near- earthquake 
results  in  Japan. 

The  above  are  the  chief  contributions  of  the  Japanese  work, 
summarized  from,  the  more  complete  detail  of  Steinhart  and  Meyer. 

(3)  Work  in  the  U.  S.  S.  R.  :  Explosion  work  in  Russia  began 
just  before  World  War  II  with  Koridalin  and  Tvaltvedze.  Then, 
Gamburtsev  and  his  co-workers  carried  out  experiments  to  improve 
refraction  prospecting  methods.  They  especially  suggested  the  close¬ 
spacing  of  geophones  and  very  careful  control  of  the  gain  (for  ampli¬ 
tude  studies).  Gamburtsev  also  stated  that  it  may  be  necessary  some¬ 
times  to  use  second  refraction  arrivals  for  crustal  study,  and  further 
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pointed  out  that  under  certain  conditions,  a  refracted  arrival  may 
never  be  a  first  arrival.  Riznichenko  in  1946  made  a  detailed  investi¬ 
gation  of  the  application  of  ray  theory  to  refraction  paths,  and  also 
compiled  a  bibliography  of  over  200  references  concerning  work  in  the 
U.  S.  S.  R.  to  that  time.  In  1952,  Gamburtsev  published  a  handbook 
called  the  "Correlation  Method  of  Refracted  Waves.  "  This  was  a 
compilation  of  principles,  instruments,  field  technique,  theoretical 
conside rations >  and  interpretation  of  the  method. 

The  method  of  determination  of  crustal  structure  that  finally 
developed  from  all  this  was  the  method  of  deep  seismic  sounding  (D3S). 
Field  techniques  used  for  this  method  were  as  follows:  geophone  arrays 
were  used  to  increase  S/n  ratio;  shots  were  usually  fired  in  water  at 
depths  of  10-20  metres;  10  c.  p.  s.  was  found  as  the  most  suitable 
frequency;  spreads  of  24-48  locations  were  used,  with  100-300  m. 
between  stations,  profiles  were  constructed  whereby  sections  of  10-20 
kms.  of  continuous  coverage  alternated  with  gaps  of  10-30  kms.  ; 
several  shots  were  usually  used;  quiet  sites,  etc.  ,  were  always  used. 
They  always  attempted  to  get  a  three-dimensional  picture  of  the  sub¬ 
surface  layers.  Standard  cameras  were  used  with  12  to  60  channels 
and  a  paper  speed  of  8-12  cm.  /sec.  (3-5  in.  /sec.  ).  Shot  instants  were 
found  by  use  of  an  oscillator  triggered  by  a  thyratron,  in  the  firing 
circuit,  and  this  tone  was  recorded  by  radio  at  the  observing  sites. 

An  important  paper  by  Veitsman  came  out  in  1957,  on  the 
correlation  of  waves  and  wave  groups  in  seismic  interpretation.  This 
paper  will  be  discussed  later  (in  the  next  chapter),  and  so  I  will  not 


comment  on  it  here. 
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It  is  important  to  note  that  no  reflections  at  less  than  the 
critical  angle  have  been  reported  in  the  U.  S.  3.  R.  with  the  exception 
of  the  work  by  Koridalin  (1939).  In  this  latter  work  again,  other 
phases  could  just  as  well  be  used. 

Very  often  the  Russian  work  shows  rather  low  basement  Cp  ) 
velocities.  But,  this  is  probably  not  due  to  error,  but  due  to  the  fact 
that  most  of  their  work  has  been  concentrated  in  areas  of  recent 
mountain  building.  Note  that  low  P,  velocities  are  also  reported  in 
California. 

Steinhart  and  Meyer  state  that  the  relatively  simple  crustal 
models  presented  by  the  U.  S.  3.  R.  are  due  partly  to  preconceived 
assumptions  about  crustal  structure  which  has  come  from  Jeffreys. 

The  trend  more  recently  in  Russia  seems  to  be  toward  more  complex 
crustal  structure. 

Steinhart  and  Meyer  have  made  a  careful  compilation  of  all  the 
previous  work  done  by  the  Carnegie  workers,  the  Japanese  workers, 
and  the  workers  in  the  U.  S.  S.  R.  All  I  have  done  is  very  briefly  summar 
ize  their  work. 

Work  on  crustal  studies  has  been  carried  on  by  other  people  as 
well.  An  important  contribution  to  the  work  was  made  by  Gutenberg 
when  he  suggested  that  low  velocity  layers  may  possibly  exist  within 
the  crust..  If  such  a  zone  exists,  it  should  produce  a  shadow  zone 
where  first  arrivals  of  P,  would  not  be  seen,  followed  by  a  reappear¬ 
ance  of  these  arrivals  in  a  displaced  position  on  the  travel  time  graph. 
Evidence  for  such  a  reversal  of  velocity  has  had  some  support  from 
near -earthquake  data  (Sher,  1954;  and  Tocher,  1956,  in  California), 
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but  no  evidence  has  ever  been  found  from  explosion  studies.  A  paper 
in  195  7  by  Markus  Bath  discusses  theoretical  computations,  using  ray 
theory,  and  considering  an  asthenosphere  low  velocity  layer.  However, 
that  will  not  be  discussed  here. 

In  1949  L.  Mintrop  published  a  paper  combining  the  results 
from  the  Heligoland  explosion  and  the  Messina  earthquake.  His  earth 
model  consists  of  8  very  well  defined  interfaces  between  Heligoland  and 
Messina.  They  are  at  depths  of  4,  13,  28,  57,  110,  113,  170,  and  18  3 
km.  ,  with  velocities  of  the  P  waves  in  each  layer  being  3.  5,  5.  2,  6.  5, 

8.1,  9.2,  7.0,  11.0,  and  1 6.  3  kms.  / sec.  First  arrivals  seem  to  have 
been  observed  for  ail  the  layers  except  the  7.  0  kms.  /sec.  layer  (which 
is  an  assumed  velocity,  considering  that  it  may  represent  the  melting 
point  of  the  9.  2  kms.  /  sec.  layer),  and  183  km,  layer,  and  reflections 
seem  to  have  been  observed  from  the  layers  at  57  km.  ,  110  kms.  ,  118  kms.  , 
and  170  kms.  depth.  The  Moho  is  considered  as  the  layer  with  the 
velocity  of  8.  1  kms.  /  sec.  at  a  depth  of  28  kms.  The  evidence  for  some 
of  the  layers  is  not  very  convincing.  In  the  paper,  Mintrop  shows 
generally  only  those  arrivals  which  fall  on  the  time- distance  curves 
for  the  various  layers,  but  many  more  unaccounted-for  arrivals  were 
no  doubt  present.  It  is  very  difficult  to  determine  from  the  paper  which 
layers  are  most  probable  and  which  are  least  probable. 

Hoffman,  Berg,  and  Cook  published  a  paper  in  1961  on  results 
from  quarry  blasts  in  Utah.  They  found  that  reflected  events  (or  possible 
reflected  events)  were  present  which  would  indicate  discontinuities  at 
depths  of  190,  520,  and  910  kms.  in  the  earth.  The  190  km.  depth 
corresponds  very  closely  to  the  183  km.  depth  that  Mintrop  found  in 
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Europe.  They  calculated  the  depths  using  the  velocity- depth  curves 
given  by  Jeffreys  and  Gutenberg  (Jacobs,  1953)  for  the  deeper  portions 
of  the  upper  mantle,  and  they  assumed  linear  ray  paths  of  the  energy. 

The  discontinuity  at  190  km.  seems  well  supported  by  reflections,  but 
the  others  are  not  so  convincing. 

Shor  in  1955  reported  reflections  from  the  Moho  at  normal 
incidence  from  large  quarry  blasts  in  Southern  California,  However, 
on  many  other  records,  he  could  not  see  any  such  reflections  because 
of  a  high  reverberation  level.  He  found  that  the  Moho  was  32  km. 
below  sea  level  in  that  area. 

Berg,  Cook,  Karans  ,  and  Dolan  in  I960  published  results 
obtained  in  Utah  from  nine  quarry  blasts  and  also  from  two  nuclear 
explosions  near  Mercury,  Nevada.  They  found  the  crustal  layering 
in  the  eastern  Basin  and.  Range  province  as  follows:  5.  73  km.  /sec. 
to  a  depth  of  9  kms.  ;  6.  33  km.  / sec.  from  9-25  kms.  ;  7.  59  km.  / sec. 
from  25-72  kms.  ;  and  7.  97  km.  /sec.  at  depths  greater  than  72  kms. 

Narons,  Berg,  and  Cook  then  used  smaller  charges  in  the  Rozel 
Hills  of  northern  Utah  in  an  attempt  to  record  sub-basement  reflections. 
Two  of  the  reflections  yielded  horizon  depths  of  about  8.  5  kms.  and 
26.  3  kms.  ,  which  agreed  very  well  with  the  first  two  horizons  found 
in  the  refraction  work  above. 

In  I960,  Milne  and  White  published  the  results  of  a  seismic 
survey  in  the  vicinity  of  Vancouver  Island,  B.  C.  Considerable  informa¬ 
tion  was  obtained  about  the  area.  It  seems  that  a  granitic  rock  with  a 
velocity  of  6.  3  km.  /  sec.  forms  the  basement  rock  of  the  area.  This 
rock  outcrops  at  the  D.  A.  Q.  ,  at  Horseshoe  Bay,  and  possibly  at  Alberni. 
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South  of  Victoria,  this  rock  is  covered  by  a  volcanic  rock  with  a  velocity 
of  5.  4  km.  /sec.  This  formation  dips  to  the  north.  On  the  west  coast  of 
the  street,  the  velocity  seems  to  be  4.  05  km.  /  sec. 

I  wish  to  discuss  the  work  of  only  two  more  groups  in  this  field, 
the  University  of  Wisconsin  and  Richards  and  Walker  of  Triad  Oil  Co. 

The  University  of  Wisconsin  has  done  work  in  Mexico,  Arkansas  - 
Missouri,  Wisconsin,  and  Montana.  The  work  in  Montana  will  be 
discussed  in  some  greater  detail  than  the  others,  since  it  is  very  close 
to  the  work  done  in  Alberta  by  the  University  of  Alberta. 

Four  crustal  models  were  constructed  as  possible  interpretations 
of  the  seismic  results  in  Mexico.  All  four  models  give  a  velocity  for 
the  material  below  the  Moho  as  8.  4  km,/sec.  The  models  differ  by 
taking  into  account  various  possible  intermediate  layers.  On  the  basis 
of  amplitude  study,  two  of  the  models  were  more  or  less  ruled  out.  Of 
the  other  two  models,  the  one  given  below  was  selected  by  the  workers, 
Steinhart,  Meyer,  and  Wallard,  as  the  one  best  fitting  the  data. 


0-1  km.  , 

1  -4  km.  , 

4-32.  5  km.  , 

32.  5  -  43  kms. 
below  43  kms.  , 


3.  0  ±  .  5  km.  / sec. 

4.  95  1  .  1  5  km.  /sec. 

6.  0 1  +  .  003  km.  /  sec. 

7.  63  +  .  04  km.  /sec. 

8.  38  t  .09  km.  /sec.' 

Thus,  the  depth  to  the  Moho  is  given  as  43  kms.  ,  with  a  sub- Moho 
velocity  of  8.  4  km.  / sec. 

The  other  model  which  is  considered  almost  as  reliable  as  the 
above,  includes  a  layer  with  velocity  6.  44  t  .  06  km.  /sec.  between  the 
6.  01  km.  /  sec.  layer  and  the  7.  63  km.  /  sec.  layer.  However,  depth  to 
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the  Moho  for  this  model  is  44.  5  kms.  which  is  very  close  to  the  depth 
found  from  the  chosen  model. 

The  value  for  the  velocity  of  the  Moho  is  a  little  higher  than 
what  is  normally  expected,  but  apparently  velocities  of  8.  4  -  8.  5  km.  /sec. 
have  been  reported  in  the  Caribbean  by  Officer  (1959),  using  reverse 
profiles.  However,  no  reverse  profile  was  used  here,  and  some  dip 
is  probable. 

Five  crustal  models  were  constructed  as  possible  interpretations 
of  the  results  in  Arkansas-Mis  souri,  but  only  two  seem  to  fit  the  data 
well,  according  to  the  workers  (same  as  above).  The  velocity  below 
the  Moho  was  found  to  be  8.  2  km.  /sec.  The  one  model  which  best  fits 
the  data  is  given  below  (the  other  model  depends  on  one  very  questionable 
point). 


0-2  kms.  , 
2-10  kms.  , 
10-41  km.  , 
below  41  km.  , 


4.  64  km.  /sec. 

5.  1 8  km.  /  sec. 

6.  64  km.  /  sec. 
8.16  km.  / sec. 


Thus,  the  depth  to  the  Moho  is  given  as  41  kms.  ,  with  a  sub- 
Moho  velocity  of  8.  2  km.  / sec. 

It  was  expected  that  the  crust  would  not  be  as  thick  in  this  region 
as  in  Mexico,  since  the  Mexican  results  were  taken  on  a  plateau.  The 
theory  of  isostasy  does  not  seem  well-supported  by  these  two  profiles. 

A  reverse  profile  was  shot  in  north-central  Wisconsin  from  the 
Apostle  Islands  to  Lohrville.  Two  crustal  models  were  chosen,  which 
best  fit  the  data.  The  model  given  below  is  considered  the  prefer  red 
model  by  the  workers,  on  the  basis  of  amplitude  ratios  mainly.  They 
found  a  dip  in  the  layers  of  about  1/2  degree  to  the  north.  The 
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following  information  then  is  true  velocity,  but  average  depth  across 
the  profile  for  the  layers:  0-3  kms.  ,  5.  4  kms.  /sec.  ;  3-14  kms.  , 

6.  1 1  kms.  / sec.  ;  14-40  kms.  ,  6.  51  kms.  / sec.  ;  and  below  40  kms.  , 

8.  03  kms.  /sec.  Thus,  the  depth  to  the  Moho  was  found  to  be  roughly 
40  kms.  ,  with  a  sub -Moho  velocity  of  8.  0  kms.  /  sec. 

A  single -ended  profile  was  then  shot  along  the  Keweenawan 
Penninsula  in  Upper  Michigan.  Two  crustal  models  were  constructed 
for  this  profile,  which  fit  the  data  well.  The  amplitude  ratios  and  the 
fact  of  generally  less  scatter  in  the  results  aided  the  observers  to 
choose  a  preferred  model.  This  is  given  below: 

0-2  kms.  ,  4.  75  kms.  /sec.  ;  2-16  kms.  ,  6.  44  kms.  /sec.  ;  16-37.  5  kms.  , 
6.  67  kms.  / sec.  ;  and  below  37.  5  kms.  ,  8.  08  kms.  / sec. 

Thus,  the  Moho  in  this  region  appears  to  be  at  a  depth  of  about 
37-38  kms.  ,  with  a  sub-Moho  velocity  of  8.  1  kms.  /sec. 

Then,  in  1959,  Meyer,  Steinhart,  and  Bonini  carried  out  work 
in  Montana  for  the  University  of  Wisconsin.  Since  the  area  in  Montana 
is  immediately  south  of  the  work  in  Alberta,  I  will  treat  the  work  there 
in  a  little  more  detail.  The  results  by  Wisconsin  before  1959  had  not 
supported  the  idea  of  isostasy,  i.  e.  ,  the  simple  variation  of  crustal 
thickness  as  a  function  of  elevation.  To  further  test  this  theory,  the 
margin  of  the  Rocky  Mountains  was  chosen  for  study.  Two  reverse 
profiles  were  shot  in  Montana;  the  Acme  Pond-Ft.  Peck  reverse  pro¬ 
file  in  eastern  Montana,  and  the  Cliff  Lake- -Sailor  Lake  reverse  profile 
in  Western  Montana  close  to  the  Rockies.  The  eastern  profile  was  in 
a  north- south  direction,  while  the  western  profile  was  in  a  N-W,  SE 
direction  almost  paralleling  the  continental  divide,  and  lying  in  the 
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high  mountains.  The  group  used  a  spread  length  of  1.  5  to  2.  0  km.  in 
an  attempt  to  get  more  accurate  apparent  velocity  data.  All  cameras 
were  operated  at  2  in.  /sec.  and  the  spacing  of  traces  was  5  mtn. 
Records  from  eastern  Montana  were  of  better  quality  than  the  ones 
from  the  mountains  of  Western  Montana.  In  both  areas,  some  of  the 
spreads  had  to  be  slightly  offset  due  to  topography,  available  roads, 
etc.  This  probably  caused  some  difficulties  in  phase  correlation. 

Shot  size  ranged  from  50  lb.  to  1900  lb. 

Despite  the  reasonably  long  spread  lengths,  the  group  found 
very  many  discrepancies  with  regard  to  apparent  velocities  (it  will  be 
seen  later  on  that  the  University  of  Alberta  results  show  the  same 
type  of  discrepancy).  The  apparent  velocities  were  often  too  high  for 
the  line-up  of  phases  with  winch  they  seemed  to  agree.  Sometimes, 
the  apparent  velocities  were  too  low  for  the  wave  to  which  the  arrivals 
seemed  to  belong.  The  workers  in  the  U.  S.  S.  R.  (e.  g.  Yeitsman, 

1957)  found  the  same  problem.  The  measurements  of  these  velocities, 
however,  wexe  quite  accurate  in  Montana,  and  it  is  impossible  to 
explain  them  on  the  basis  of  experimental  error.  Steinhart  et  al. 
mention  the  possibility  that  dispersion  effects  may  be  present  in  these 
body  waves,  which  may  cause  the  apparent  discrepancy. 

For  the  eastern  Montana  profile,  20  models  were  constructed  at 
first,  but  after  applying  the  least  sqxiares  fit  and  amplitude  data,  only 
two  models  finally  remained.  It  should  be  noted  here  that  a  group  from 
the  Carnegie  Institution  were  recording  in  Montana,  at  the  same  time, 
using  the  explosions  set  off  by  the  University  of  Wisconsin.  They  used 
only  single-ended  profiles,  and  had  only  two  detectors  per  station. 
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Thus,  their  results  may  not  be  as  reliable  as  those  of  the  University. 
But,  they  do  agree  well,  and  one  of  the  two  models  of  the  crustal 
structure  of  eastern  Montana  put  forth  by  the  University  better  agreed 
with  the  east-west  profile  of  the  Carnegie  people  than  the  other.  This 
model  was  then  chosen  as  the  preferred  model  for  eastern  Montana. 
(See  Figure  1.  for  a  cross-section  of  the  Acme  Fond  -  Ft.  Feck  profile 


according  to  tins  modelp 

Since  the  data  from  Western  Montana  is  not  so  plentiful  as  that 
from  eastern  Montana,  it  is  possible  to  fit  more  models  to  it.  Steinhart 
and  workers  accepted  the  simplest  model  that  satisfied  the  observations. 


(See  Figure  1.  for  a  cross-section  of  the  Cliff  Lake-Sailor  Lake  profile 


It  is  seen  at  once  that  a  surprising  result  is  indicated.  The 
crust  of  the  earth  is  thicker  in  eastern  Montana  than  it  is  in  Western 
Montana  in  the  mountains!  Even  if  another  intermediate  layer  is 
included  in  the  Western  cross-section  (one  that  doesn't  contradict  the 
observations),  the  crust  is  still  found  to  be  thinner  in  the  northern 
Rocky  Mountains  than  in  Eastern  Montana. 

According  to  the  two  models  selected  by  the  University  of  Wis¬ 
consin,  the  crustal  thickness  in  Southern  Montana  should  increase  from 
43  km.  to  51  km.  from  west  to  east.  (The  Carnegie  east-west  profile 
in  this  area  nearer  the  western  profile  shows  a  thickness  of  46  kms.  , 
which  is  just  what  would  be  expected).  But,  in  northern  Montana,  the 
crust  should  thicken  from  37  km.  to  54  km.  from  west  to  east.  The 
Carnegie  east-west  profile  in  this  area  neai*  the  western  profile  shows 


a  thickness  of  55  kms.  ,  while  the  Carnegie  east-west  profile  in  the  area 
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near  the  eastern  University  of  Wisconsin  profile  shows  a  thickness  of 
46  km.  This  seems  to  be  a  contradiction  of  the  work  by  the  University. 
Steinhart  and  Meyer  state  that  because  the  Carnegie  profiles  were  not 
reversed  and  contained  fewer  stations  with  only  two  geophones  per 
station,  the  lack  of  agreement  is  not  believed  to  be  serious.  But,  also 
more  work  is  needed  in  Western  Montana  before  a  definite  conclusion 
on  crustal  structure  in  Montana  can  be  reached. 

The  final  work  which  I  wish  to  discuss  is  that  of  Richards  and 
Walker  in  Southern  Alberta  in  1959.  Their  work  was  a  very  short 
reverse  profile  (only  132  km.  long)  parallel  to  the  frontal  thrust  of 
the  Rocky  Mountains  and  about  60  miles  east  of  the  thrust.  According 
to  the  interpretation  given  by  Richards  and  Walker,  the  Moho  occurs 
at  a  depth  of  43  km.  ,  with  a  sub -crustal  velocity  of  8.  2  km.  /  sec.  They 
also  claim  to  have  found  an  intermediate  layer  at  a  minimum  depth  of 
29  kms.  ,  with  a  velocity  of  7.  2  km.  /sec.  All  of  the  seismic  records 
that  were  taken  by  Richards  and  Walker  have  been  obtained  by  the 
University  of  Alberta,  and  were  re-examined  by  us  during  the  summer. 
Some  of  the  records  were  of  very  poor  quality.  Before  discussing  tliis, 
I  will  discuss  the  instrumentation  and  general  layout  of  the  field  work 
done  by  Richards  and  Walker.  Fifteen  different  oil  companies  partici¬ 
pated  in  this  work,  giving  15  spreads  over  the  length  of  the  profile. 

Each  company  had  their  own  equipment,  had  a  different  spread  length, 
and  ran  their  cameras  at  different  speeds.  This  makes  interpretation 
of  the  records  extremely  difficult.  Even  though  the  profile  was  in  a 
NW-SE  direction,  the  spreads  were  all  on  N-S  roads  for  ease  of 


19 


accessibility  and,  as  Richards  and  Walker  state,  the  measured 
distance  to  each  geophone  may  be  assumed  to  apply  to  the  straight  line 
joining  the  shot  points  with  very  little  error.  Spread  lengths  varied 
from  .  29  km.  to  5.  8  km.  Most  of  the  geophones  employed  by  the  parties 
were  6-1/2  c.  p.  s.  phones.  Some,  however,  used  10  c.  p.  s.  phones, 
and  10  of  the  1  c.  p.  s.  Willmore  phones  were  used  by  the  group.  All 
of  the  conventional  amplifiers  were  operated  without  automatic  gain 
control,  with  a  minimum  of  low  frequency  attenuation  and  high  frequency 
cut-off  of  30  c.  p.  s.  Camera  speeds  varied  from  1  in.  /  sec.  to  about  10 
in.  /  sec.  Calibration  of  the  response  of  the  systems  was  not  very  well 
done.  A  steel  ball  dropped  from  a  height  of  6  inches  into  a  layer  of 
grease  on  top  of  a  geophone.  While  this  method  of  calibration  did  not 
give  a  good  measure  of  response,  it  did  show  which  equipment  normally 
gave  up -kicks  on  the  trace  and  which  gave  down-kicks.  Shot  timing  was 
provided  by  40  watt  Ernest  Turner  transceivers  operating  on  a  frequency 
of  1652  kcs.  ,  from  a  horizontal  half-wave  antenna  40  ft.  above  the  ground. 
The  shooting  signal  was  a  250  c.  p.  s.  tone  about  10  seconds  long,  at  the 
end  of  which  the  shot  went  off.  The  size  of  the  charges  used  was  875  lb.  , 
distributed  in  five  holes  at  an  average  depth  of  70  ft,  and  50  ft.  apart. 

The  two  travel  time  graphs  submitted  by  Richards  and  Walker 
are  reproduced  in  this  paper.  ^See  Figure  2^).  it  is  immediately  noted 
that  they  have  very  little  support  for  axiy  arrivals  later  than  the  first. 

The  only  actual  support  for  the  Moho  is  a  strong  energy  arrival  at  about 
25  secs,  at  a  distance  of  about  130  kms.  This  is  somewhere  near  the 
point  where  critical  reflections  from  the  Moho  may  be  expected  from 
theory,  assuming  "normal"  crustal  thickness  and  velocities.  This  arrival 
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Fig.  2. 
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is  very  likely  one  from  the  Moho  as  they  have  shown.  Support  for  the 
remainder  of  the  reflection  line  is  extremely  poor.  Some  of  the  arrivals 
picked  by  Richards  and  Whlker  seem  to  be  strictly  figments  of  their 
imagination,  when  one  looks  at  the  records  where  the  arrivals  are 
supposed  to  be.  All  the  records  obtained  from  the  south  shot  point  were 
repicked  by  us  at  the  University  of  Alberta.  The  graph  which  we  obtained 
on  plotting  these  arrivals  is  reproduced  in  this  thesis.  ^See  Figure  3^) 
Several  discrepancies  are  at  once  noticeable  when  our  graph  is  compared 
with  that  of  Richards  and  Walker.  Several  arrivals  which  they  have 
plotted,  we  have  not  plotted,  since  we  feel  that  such  arrivals  are  not 
really  present  on  the  records,  but  that  Richards  and  Walker  merely 
correlated  some  random  noise  pulses  which  happened  to  be  present  on 
the  record  at  a  place  where  they  expected  or  needed  an  arrival.  It  may 
also  be  seen  that  we  have  plotted  some  additional  arrivals  which  Richards 
and  Walker  do  not  show  on  their  travel  time  graphs.  We  feel  that  some 
of  these  arrivals  are  as  genuine  as  some  of  the  others  which  both  we  and 
they  have  picked.  All  arrivals  which  we  have  picked  from  these  records 
were  first  plotted  on  a  very  expanded  scale  to  determine  as  accurately 
as  possible  the  apparent  velocity.  The  arrivals  were  then  all  plotted 
together  on  a  travel  time  graph  of  fairly  large  scale,  which  was  replotted 
on  a  smaller  size  sheet  included  in  this  thesis.  Note  that  the  distances 
from  the  shot  point  to  each  spread  were  remeasured  by  us  as  accurately 
as  possible  on  National  Topographic  Survey  maps  of  scale  1  :  250,  000. 
This  graph  is  in  reality  an  independent  interpretation  of  the  records  by 
Only  the  records  from  the  south  shot  were  done,  as  it  was  not  felt 


us. 


. 


21 


worthwhile  to  take  the  time  to  do  both  shots,  since  this  thesis  is  con¬ 
cerned  mainly  with  our  own  work  at  University  of  Alberta,  and  not 
someone  else's  work.  The  tables  of  distances  and  arrival  times  have 
not  been  included  in  this  thesis  because  it  was  not  thought  necessary, 
since  the  graph  suffices  for  the  comments  that  follow.  These  tables 
have  not  been  destroyed,  however,  and  are  available  at  the  University 
of  Alberta. 

The  basement  velocity  from  Richards'  and  Walker's  data  as 
calculated  by  us  is  5.  7  km.  /  sec.  This  does  not  seem  as  reasonable 
as  the  6.  1  km.  /  sec.  found  by  Richards'  and  Walker,  but  nevertheless, 
it  seems  to  be  based  on  more  definite  arrivals  than  theirs.  It  is  noted 
that  there  are  two  earlier  arrivals  shown  on  our  graph  for  the  Triad 
Spread.  But,  they  are  extremely  weak,  and  their  very  existence  is 
even  doubted.  However,  they  may  well  be  real.  If  so,  possibly  the 
line  which  we  have  drawn  represents  the  Mississippian  layer,  and  the 
Precambrian  line  is  a  little  earlier  and  faster.  With  such  a  short  profile, 
the  interpretation  is  ambiguous.  It  is  seen  that  the  intermediate  layer 
which  we  have  drawn  is  different  from  that  drawn  by  Richards  and  Walker. 
The  line  that  we  have  drawn  is  supported  by  far  more  arrivals  than  that  of 
theoriginal  workers.  The  line  drawn  for  the  Moho  is  almost  identical  to 
the  one  drawn  by  the  original  workers.  By  plotting  T  vs.  X  for  both 
the  intermediate  layer  and  the  Moho,  we  found  the  depth  to  the  inter¬ 
mediate  layer  (possibly  the  Conrad  discontinuity)  to  be  26  km.  ,  and 
the  depth  to  the  Moho  to  be  43  km.  Richards  and  Walker  had  found 
depths  of  29  km.  and  43  km.  respectively.  Thus,  our  reinterpretation 
yields  a  Moho  depth  identical  to  theirs.  But,  even  so,  this  reflection 
line  is  very  indefinite.  A  longer  spread  is  definitely  necessary  to  obtain 
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first  arrivals  for  the  Moho,  or  at  least,  convincing  second  arrivals, 
and  not  merely  weak  w ide-a»j/e  reflections.  It  should  also  be  noted 
here  that  this  work  indicates  that  the  Conrad  discontinuity  dips  slightly 
to  the  south-east,  while  the  Moho  dips  slightly  to  the  north-west,  toward 
the  mountains.  The  dips  are  small,  however,  and  based  on  only  the 
single  refraction  observed  from  each  discontinuity. 


CHAPTER  III 


GENERAL  SEISMIC  THEORY 

The  following  pages  are  a  general  collection  of 
seismic  theory  from  books  and  papers  which  are  listed  In 
the  bibliography.  Very  little  attempt  has  been  made  to 
Include  the  actual  development  or  proof  of  any  theories 
or  methods  of  interpretation  offered  in  this  thesis.  It 
was  not  thought  necessary  to  do  this  in  order  to  accomp¬ 
lish  the  purpose  intended  (the  proofs  can  be  found  in  the 
references) .  The  purpose  of  this  section  was  to  collect 
together  various  methods  of  interpretation  of  seismic 
results,,  to  summarize  these  methods  for  ease  of  reference 
and  to  establish  a  uniform  set  of  understandable  symbols. 
I  believe  that  this  has  been  at  least  partly  accomplished 
The  symbols  used  are  explained  adequately,  I  hope,  by  the 
diagrams.  At  the  conclusion  of  this  section  on  theory, 
there  is  a  brief  discussion  on  the  relative  merits  of  the 
methods,  plus  reasons  for  the  fact  that  only  certain  of 
the  methods  were  used  In  the  interpretation  of  the 
University  of  Alberta  seismic  results. 
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A.  Seismic  Refraction 
1.  Horizontal  layering: 


Type  graph  for  a  3- layer  case. 
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Xc  n-1  =  crossover  distance  for  n 1 th  layer. 
Ti  n_1  =  intercept  time  of  n’th  layer. 


Useful  formulae : 

(a)  2  -  layer  cases: 

I'll  ViV2 


2  (V22  - 


X 


or 


cl 


Vo  -  Vn 


1/2 


v2  +  v1 


(h  )  3  -  layer  case 


(V32-V!' 


±  r  t 

2  L  -12 


-  2z. 


]  [ 


V2  v3 


v3  vi  (V32-V22)1/2 


(c)  -the  n  -  layer  case 


T. 

l,  n-1 


n-1 

2  2  3  . 

j=l  '  J 


2  2  1/2 
Vn  ~ V,1  7 

Vn2  Vj2 


Solve  for  z ..  as  required  down  to  zn 


or  z 


n-1 


x0  n_!  Vn-Vn_;,  X/2  n-2  (  1 

p  '  V  +V  n  7  4  '  Z  j  — — 

2  n  n-1  j=l  17 


V 


1 


n-1 


'V 


Vn 


i^)^2 


77. 


V. 


n-1 


V. 


1  :)  1/2 


2 


n 


Depth  to  the  n 1 th  layer  is  z]_+z2+z3+ • • *+zn  2+zn  1 


2  b 


(d )  Travel  time  for  n  -  layer 
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where  m  is  any  single  value  from  1  to  n-1 


For  intercept  time  for  any  layer ,  let  X  and  get  T. 
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For  crossover  time,  let  X  ~>X  and  get  T 
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2.  Dipping  layers: 

A  reverse  profile  must  be  available  for  this. 


Let  us  examine  the  2  -  layer  case  first,  a 
diagram  for  which  is  shown  above. 
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h-^A  is  the  vertical  thickness  under  A,  while 
is  the  vertical  thickness  under  3.  a,^  is  the  angle 
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of  dip,  considered  positive  as  shown,  Is  the  angle 
between  the  vertical  and  the  ray  at  A,  while  Is  the 
angle  between  the  vertical  and  the  ray  at  B. 
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V  and  Vop  are  the  apparent  velocities  that  would  be  found 
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from  the  travel-time  graph,  shooting  from  A  and  B  respec¬ 
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Thus,  wo  have  found  all  the  angles,  depths,  and 
true  velocities  for  a  dipping  two-layer  case. 

If  dip  is  small,  one  may  simply  average  the 
apparent  velocities  from  both  graphs,  and  average  the 
intercept  times,  and  use  the  normal  formula  for  the  two- 
layer,  non-dipping  case.  This  will  give  an  average  depth 
between  the  shot  points. 
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We  shall  now  do  the  three- layer  case,  and  finally 
the  n- layer  case. 

(b)  3  -  layer  case: 
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Depths  can  now  be  calculated,  but  will  not  be 
Included  here.  They  are  included  for  the  n-layer  case 


below : 
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(c)  n  -  layer  dipping  case 
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Angle  of  dip  of  the  top  of  the  n'th  layer  is: 
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Thus,  we  have  found  all  the  angles  of  incidence 
and  refraction,  all  the  angles  of  dip,  and  the  true 
velocities  in  each  layer  for  an  n-layer  case. 

Now,  we  can  very  easily  find  the  vertical  ..thJLck-  ' 
nesses  of  each  layer  under  point  A  and  point  B.  From 
the  angles  which  we  now  know,  we  can  find  the  angles 
between  each  refracted  ray  and  the  vertical .  These 
angles  have  been  mentioned  already  as  fh  under  the  shot 
point  A,  and  y.^n  under  the  point  B. 

These  are  found  as  follows: 
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It  may  then  be  shown  with  difficulty  that  the 
intercept  of  the  n'th  layer  for  a  shot  from  A  is  given  as 
follows : 


T  =  nv1  ]2JA 

■i,n-l,A  ,  1  v . 

j-i.  j 


(0°3  T.jn  +  cos  p  ) 
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h..^  is  the  vertical  thickness  of  layer  j  under 
shot  point  A,  and  h  _..R  is  the  vertical  thickness  of  layer 
j  under  shot  point  B. 

The  vertical  depth  to  any  layer  under  a  shotpoint 
is  found  by  adding  all  the  vertical  thicknesses  down  to 
that  layer . 

Once  the  angles  are  found*  these  formulae  are 
extremely  easy  to  use  to  find  the  depths  under  each  shot 
point.  The  only  prerequisite  is  that  one  have  a  desk 
calculator  available . 

If  the  dip  is  very  small  (i.e.  the  apparent 
velocities  on  the  two  graphs  are  not  very  different)* 
then  for  an  average  depth  to  each  layer  between  the  shot 
points,  the  values; of  velocities  and  intercepts  from 
both  graphs  may  be  averaged*  and  the  formulae  for  horizon¬ 
tal  layering  used. 
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B.  Seismic  Reflection  Theory 
1.  Horizontal  layering: 


typical  reflection  curves, 
(a)  two-layer  case: 


A  e - - ->  B 


Let  ©12  be  the  reflection  angle,,  and  let  T  be 

the  reflection  time  for  distance  X. 
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Thus,  a  plot  of  T  vs  X  will  be  a  hyperbola,  while 
a  plot  of  T2  will  be  a  straight  line . 
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Thus,  the  method  used  is  to  plot  T  vs  X  ,  and  find 
the  slope  and  intercept  of  the  line. 

The  slope  is  — ^  and  the  intercept  is 
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The  critical  reflection  occurs  when  0^  = 
the  critical  angle.  Let  Xkl  he  the  critical  distance. 
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(b)  three-layer  ease: 
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And, 


X  = 


2Az1V1 


+ 


2Ax2V2 


for  travel  time 

-f  e  r  5  o-f 


(l.A2Vl2)1/2  (l-A2V22)1/2 


Knowing  A,  z.j  ,  V^,  Vr,  and  T,  we  can  calculate  zp . 
Or,  if  z0  is  also  known,  we  can  use  the  above  formulae  to 
calculate  the  reflection  curve. 

Consider  a  critical  reflection:  For  this  case. 


0 


13 


=  i^0,  and  Q0~,  =  iOQ  (the  critical  angle). 


sin  i 


Also,  A 


X 


k2 


23 

13 


Vi 


•23 

1 

vi 


2zlvl 


2z2^2 


VgCl-hp)172  V3(l- - „ 

-  V32  3 


V22\V2 


T 


2z 


1 


2z, 


+ 


k2  "  vn2.V2  ’  ,  ”Vo2  1/2 

V5  v3 


and 


V  \. 
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(c)  n-layer  case: 

sin  0- i n 


A  = 


Vi 


n-i  /Az±V 
X  =  2  Z 


1=1  (l-A^Vi2)1/2 


n-1 

and  T  =  2  Z 


zi 


1=1  vui-Vv.,2) 


27T/2 


1  V  -  /x  x 

For  a  critical  reflection,  A 


V 


n 


X 


kyi-1 


and 


v 

x/n-l 


n-1 
2  Z 
1=1 


'  n-1 

2  Z 
1=1 


ziVi 


vn(i-  Zi_)1//2 


V  2 
'n 


zi 


Vid- 


Vi‘ 


1/2 


V 


n 


A  is  actually  dT/dX  of  the  reflection  curve  at 
the  distance  X  which  is  being  considered.  An  accurate 
method  of  finding  A  as  given  by  DlX  will  be  discussed 
later . 


(d)  Short-cut  method  of  finding  depths  by  reflection  data: 

This  method  simply  ignores  the  refractions  in  the 
upper  layers,  and  treats  the  problem  as  a  two-layer  case. 
In  practice,  this  works  as  follows: 

The  valves  of  X  and  T  for  various  reflection 
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arrivals  are  squared.,  and  plotted  on  a  -  X“~  graph. 

They  will  not  all  fall  on  a  straight  line,  but  on  a 
curve  which  is  concave  downwards.  A  least-square 
straight  line,  however,  may  be  drawn  through  the  points. 
This  straight  line  will  give  a  greater  intercept  than  the 
curve  would,  and  would  also  give  a  slightly  greater 
average  velocity.  Thus,  the  depth  calculated  by  this 
method  is  always  slightly  greater  than  the  actual  depth. 
The  error  introduced  is,  in  general,  not  too  significant, 
and  most  workers  use  this  short-cut  method  for  finding 
depths.  I-t  is  virtually  the  only  method  which  can  be  used 
if  no  information  is  obtained  .by  refraction  methods  down 
to  the  reflecting  horizon.  This  is  also  the  method  used 
in  the  interpretation  of  reflection  data  which  appears 
on  the  seismic  records  taken  by  the  University  of  Alberta 
in  Southern  Alberta. 

(e)  Accurate  method  of  determining  the  parameter  A,  and 
of  removing  the  effect  of  the  upper  layer,  for  a 
3-layer  case: 

This  method  was  given  by  Dix  (1955). 


0 


2  2 

As  stated  before,  the  T  Vs  X  curve  for  the 
reflection  path  A  C  D  E  3  will  be  a  curve  very  slightly 
concave  downwards,  because  it  is  a  shorter  time  path  than 
the  path  A  P  D  G  B  . 


We  shall  solve  the  problem  by  removing  the  effect 
of  the  upper  layer . 

Firstly,  we  must  determine  the  angle  0^. 

We  know  that  X  =  ° at  the  distance 

Vp  dX 

considered . 

We  assume  that  is  known,  and  thus,  the 
problem  is  to  accurately  determine  dT/dX. 

A  direct  determination,  but  not  very  accurate, 
is  to  use  the  T  -  x  curve,  and  set  the  derivative  equal 
to  AT/AX.  But,  AT  must  be  kept  down  to  about  .010  sec. 
or  the  chord  will  not  be  a  good  approximation  to  the 
tangent.  AT  requires  two  time  measurements,  each  with  a 
probable  error  of  at  least  1'  0.001  secs.,  which  would 
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correspond  to  an  error  of  t  0.0014  sec.  for  AT,  or  about 
l4$.  This  is  a  very  large  error. 

So,  instead  of  the  T  -  X  curve,  we  use  the 

2  2  2  2 
T  -  X  curve.  We  draw  the  tangent  to  the  T  -  X  curve 

O 

at  X-^'  (the  value  of  X  we  are  considering;  i.e.,  the 
value  of  X  where  the  reflection  under  consideration 
occurs) .  The  tangent  is  easy  to  draw,  since  the  curve  is 
almost  straight  at  this  point.  The  line  L  M  is  the  tangent. 
L  M  has  the  equation: 


M  + 


o 

X" 


[  v22(x1> 


is  the ' inverse  slope  of 
the  line] 


If  we  differentiate  this  equation  with  respect  to 
X,  at  X  =  X^,  we  get 

m  dT  X1 


dx 


V  (X.) 


Thus,  A 


•1 


T  V22<X1> 


at  X  =  X^,  where  T  is  the  reflection 
time  at  X  =  X^. 


Thus,  A  can  be  found  accurately  this  way. 

We  can  also  remove  the  effect  of  the  upper  layer, 
and  find  the  true  V0. 


sin  ^13 


A 
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and 


sin  0 


xivi 


13 


T  V22(X1) 


P'rom  0pj  AC  and  BE  are  computed. 


AC  =  BE  = 


cos  0]_3 

From  this,  we  can  compute  the  time  to  be  removed 
from  T  to  give  the  time  from  C  to  D  to  E. 

The  time  to  be  removed  is  — 


2zi 


V-^  cos  0-^2 

This  gives  Tp  or  T  reduced. 

We  can  also  compute  2EH  and  subtract  this  from 

X  to  give  Xp.  2EH  =  2Zp  tan  0^. 

Thus,  we  have  effectively  removed  the  upper 

layer.  If  we  do  this  for  several  points  Xp,  and  if  we 
2  2 

plot  Tp  as  X1V  ,  we  get  a  straight  line  whose  equation  is: 

X  2 

rn  2  _  Ti  2  _R_ 

XR  ~  2R  v  2 


"^inverse  slope  gives  us  V0,  and  '^intercept  gives  us  Ti 
The  thickness  of  the  second  layer  is: 

„  _  V2T12R 


2R 


This  method  has  been  developed  for  only  three 
layers,  but  it  could  be  extended  to  more  complicated  layering. 

In  order  to  use  this  method,  we  must  know  the  thick¬ 
nesses  and  velocities  of  the  layers  above  the  one  we  are 


Il 


interested  in.  This  is  not  always  possible. 
2.  Dipping  Layers: 


(a)  2-layer  case: 


Travel  t-ime  for  shot  at  A  is: 


m  AC  ,  CB  _  AC  ,  CD 

TA  -  VI  +  VI  -  TTl  +  - 


1 


BD 

Vl 


But,  (BD) 
. ’ .  (BD) 


(AD)2  +  (AB)2  -  2  AD  •  AB  cos  BAD. 
4z„  „2  +  X2  -  ^z1A  X  cos  (90  +  a1  ) . 


J1A 


rn  < 

1 A  71 


A 


4z,  n2  +  X2  +  ^Xzia  si'n 


J1A 

^7jlk~  ,  X2 

- — -  -f- - -1" 

d  XT  d 

l  vi 


a- 


4Xz 


1A 


V 


V 


sin 


al 


LB 


Similarly,  for  a  shot  at  B, 
2 


4: 


V, 


'IB  X_ 
Y- 


4Xz 


V. 


IB  . 

sm  a-^ 


1  *1  ’1 
A  plot  of  T  Vs  X  is  a  parabola  now,  and  not  a 


hyperbola . 


and 


If  we  plot  vs  X,  the  intercept  is 

O  ry 

"m 

if  we  plot  T,-,  vs  X,  the  intercept  is  — —  . 

JO  V-, 


2z 


1A 


Vl 


The  vertical  depth  under  A  is 


Z1 A 

cos  aq 


and  under 


B  is 


Now, 


'IB 


cos  aq 

dTA 


X  .  2z1A 


dX 


+ 


s  m  a-, 


2  '  m  Tr  2  —  ~1 


taV  tavi 


and. 


ATb 

dX 


X 


2z- 


- - 1_  Sj_n  q 

T-^V,  T-,Vn 


"B  1 


‘B  1 


These  values  are  the  reciprocal  of  the  step-out 
velocity,  or  apparent  velocity  at  any  point  X.  These 
are  the  ^  values. 

If  a-^  =  0,  the  step-out  velocity  is  the  same  as 
for  a  non-dipping  layer.  If  step-out  velocity  is  greater 
than  normal,  the  signal  was  recorded  downdip.  If  step- 
out  velocity  is  less  than  normal,  signal  was  recorded 
updip . 

These  equations  are  really  not  very  useful, 
unless  and  are  known  from  a  refraction  profile. 

Thi3  method  becomes  cumbersome  for  more  than  two 


layers . 
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(b)  Method  of  Steinhart  et  al : 


2-layer  case: 


Consider  a  shot  at  A. 

Use  the  parameter  method. 

A  =  ^12  #  We  know  how  to  find  A,  so  we  can 


find  <p1?. 

assuming 

we 

know 

h- 

' 

CVJ 
i — i 

CD 

= 

*12 

~  al 

CVJ 

1 — 1 

5s 

= 

CVJ 

1 — 1 

CD 

"  Q1 

By  geometry. 

Xal  =  ' 

hlA 

and 

Xv  i 
bl 

hiA  +  Xai  tQn  «1 

1 

tan 

1 

tqn 

°1 

tan 

'  X 

=  X 

al  + 

hi 

fclA  =' 

hlA  +  Xal 

tan 

al 

and 

+■ 

hlA  +  tQn  al^Xal  + 

cos 

W12 

IB 

V1  003  U2 

• 

.  .  total 

travel  time 

for 

a  shot 

at 

A  1S  '  A  =  tlA  +  tlD* 
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Now,  consider  a  shot  at  B: 


in  W 


in 

this 

case,  A  = 

< 

012 

- 

W12 

+ 

i — 1 

0 

912 

= 

OJ 

i — i 

<£> 

+ 

i — 1 

a 

12 


and,  by  geometry  again: 


h 


X 


IB 


bl 


tan  cp12  +  taii  ai 


and  X 


h1B  -  X-j^-j_  tan  cij 


al 


1/tan  W 


12 


X  “  XM  +  Xal 


I  should  note  here  that  I  am  using  one  diagram 
for  two  things.  In  other  words,  for  a  shot  at  A,  we  are 
not  necessarily  recording  at  the  other  shot  point,  or 
Vice  versa.  Thus,  X^  for  a  shot  at  B  may  be  different 
than  X^-,  for  a  shot  at  A.  In  short,  X  and  9^  are  changing 


'IB 


hlB  ~A'bl  tqn  al 

cos  cp^p 


and  t 


1A 


hiB  ~  tQn  al:'Xbl  +  Xal- 

V-^  cos 


.  .  total  travel  time  for  a  shot  at  B  is  Tt,  =  t-^  +  t^^. 

For  a  critical  reflection,  Q-^0  becomes  i^p,  the 
critical  angle,  and  W/n  becomes  (3-^,  and  cp^2  becomes  7^2’ 
This  simplifies  matters  a  great  deal. 

In  all  of  these  formulae,  many  of  the  quantities 
must  be  known,  before  others  can  be  found.  If  all  are 
known,  the  formulae  can  be  used  to  calculate  the  reflec¬ 


tion  curve . 
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(c)  n- layer  case: 

The  method  given  by  Steinhart  et  al . ,  which  has 
been  outlined  for  a  two-layer  case  can  easily  be  extended 
to  a  n- layer  case.  These  formulae  are  most  useful  when 
used  in  conjunction  with  refraction  data  to  calculate 
critical  distances.  Thus,  for  the  n-layer  case,  the 
formulae  are  stated  in  the  form  used  to  find  critical 
distance.  If  they  are  to  be  used  for  any  reflected  ray, 
the  parmeter  A  must  be  introduced. 


A 


sin  of  the  emergent  angle 

V. 


Then,  i  ,  becomes  9  ,  and  8.  becomes  W.  ,  and 

]fl  — *  -L  ^  n  1 1  —  J-  j  ii  -hi  f_  ■** 

y.  becomes  cp  .  .  Otherwise,  the  formulae  are  the  same. 
rjn  jn 

Thus,  for  an  n-layer  case,  the  critical  distance 
is  found  as  follows,  if  the  shot  is  from  point  A: 


X 


al 


h 


1A 


tan  pln 


-  tan 


ap 


X 


a2 


h2A  +  Xal  (ton  a2  “  tQn  ap) 

- — - -  -  tan  02 

tan  £$2n 


X 


an-1 


hn-lA  +  ASi  Xal)(tatl  °n-l 


1 


tan  a  n 
n-1 


ton  %_2) 


tan  Pn-l.n 
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X 


bn-1 


X 


bn-2 


h 


n-lA 


n-1 

+  (j2^  Xal) (tan  a 


i=l 


n-1  "  tan  an-2  ^ 


tan  Tn_ljn  -f  tan  an-2 


n-1 


h 


n-2A 


+  Xal  +  Xbn-l>(tan 


o. 


'n-2 


t  or :  ex.  i  _  •_> ) 


1 

-  +  tan  o'  o 

tan  y  o  Ii-a 

rn-2,n 


X 


b2 


X 


bl 


n-1 


3 


h2A  +  6=1  Xal  +l=i-lXDl)(t°n  “2  “  ton  al] 


1 


tan  72n 


+  tan 


al 


h1A  +  tan  a;L  Xaj_  +  ^2^  Xfcl) 


tan  Yln 


All  of  the  X  ^  and  X^  are  the  projections  of  the 
ray  paths  on  the  horizontal  plane.  Thus,  the  critical 
distance  for  the  n’th  layer  is  as  follows: 


X 


k,n-l 


(Xai  +  Xbf 


rhe  time  that  it  takes  its  ray  segment  to  travel 


its  distance  can  also  easily  be  found: 
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x 


al 


'a2 


al 


V1  sin  Pm 

_ Xa2 

V2  sin  P2n 


t 


an-1 


t 


bn-1 


X 


an-1 


V. 


n-1  sln  Pn-l,n 


xbn-l 

V  -i  sin  y  t 
n-1  fn-l,n 


and 


'b2 


'bl 


xb2 


v2  sin  y2n 


xbl 


V1  sln  Tln 


total  travel  time  for  a  shot  at' point  A  is  : 

n-1 


T 


A 


(tal  +  t^) 


1=1 


bi 


And,  since  it  is  the  critical  ray  we  are  considering  this 
is  the  critical  time  for  the  n'th  layer,  n_1. 
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I  will  not  restate  the  formulae  for  a  shot 
from  point  B,  but  I  will  just  indicate  the  first  and 
the  last.  The  others  follow  the  same  pattern. 


h 


X, 


IB 


bl 


ton  v, 

1  In 


-1-  tan  a- 


ri-1 


o 


h 


X 


IB 


tan  a-,  (  2 


al 


a-,  v  ^  Xv  ,  +  2  X  .  ) 

1  i=l  bl  i=n-l  al 


tan  Pm 


These  formulae  are  very  useful  for  calculating 
the  critical  distances  in  both  directions  for  a  reverse 
profile  where  velocities,  depths,  angles,  and  dips  are 
known  from  the  refraction  data.  This  was  the  method 
used  to  calculate  the  critical  distances  for  the  seismic 
work  done  by  the  University  of  Alberta. 


C.  Time  -  Term  Method  of  Seismic  Interpretation: 


This  will  be  a  very  brief  treatment  of  the  method 
given  by  Scheidegger  and  Wlllmore. 


A  - x  - - >  8 


Va 


Consider  a  shot  at  point  A. 

B'rom  the  theory  considered  earlier*  the  travel 
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time  from  A  to  B  is: 


2z1A  cos  ±12 


A 


Vl 


-i-  ViSin(  ±12  +  ax)  . 


T  V 
*  1 AV1 


=  003  ii ?  +  x(sin  GOS  ai  +  COB  i12sln  al^ 


Now*  - 


Z1A  =  X  Sin  al 


*  T  V 
~  *  XAV1 


2ZiAcos  i12  +  cos  ijp  +  X  sin  i]?cos  a1 


is  usually  very  small*  and  thus  we  can  set  cos  =  1* 


without  great  error. 
.  z, n  cos  i 


J1A 


'A 


Vl 


12  ,  Z1B  COS  X12  ,  X 

-  ~r 


'l 


V, 


X  Z1A  cos  112 

or  T.  =  a  +  b  +  -rf-  where  a  =  — ; - - 

a  v-. 


and  b  = 


z  cos  i  o 
Vn 


a  and  b  are  called  time  -  terms,  a  is  the  time  -  term 
under  the  shot  point  and  b  is  the  time  -  term  under  the 
detector . 


a  +  b 


x 

V2 


Suppose  now  that  we  have  n  shots  and  m  detectors. 
Let  i  be  one  of  the  shot  points*  and  j  be  one  of  the 

Y 

detectors.  Then*  a,  +  b,  =  T,  ,  -  is  the  general 
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equation  for  a  shot  at  station  i  and  a  pickup  at  station  j 


Or,  in 

general 

terms, 

PstYt 

-  Ms 

(the  observation*/equations)  . 

where 

Yt  - 

a^  or 

b  . 

J 

(i.e.,  all  of  the  time  terms). 

and 

M 

T,  .  - 

xu- 

s 

ij 

v2 

P  .  =  1  when  T  refers  to  a  shot  point  or  detector  for 
which  travel  time  appears  in  the  s 1  thllbquation,  and  other¬ 


wise  P  ,  =  0. 
st 


Apart  from  Vf,,  we  have  (m  +  n)  unknowns.  For  a 

unique  solution.,  the  value  of  one  time  -  term  must-  be 

assumed,  and  is  set  equal  to  zero  to  simplify  calculations 

When  calculations  are  completed,  the  arbitrary  term  is 

introduced.  So,  now  we  have  (m  +  n  -  l)  unknowns,  that  is 

the  a .  and  b  . . 
i  J 

The  normal  equation  s  is  produced  by  multiplying 
each  of  the  k  observational  equations  by  Po1_  and  adding. 


.  .  the  normal  equations  can  be  written:  q^Y^  =  ^  s* 
The  problem  is  to  solve  this  equation! 

Cracovians  are  used  to  do  this .  Cracovians  are 
like  ordinary  matrices,  but  the  multiplication  rules  are 
as  follows: 


Thus,  C.^  is  the  sum  of  the  products  of  the  pairs  of 
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coefficients  which  occur  in  each  row  of  the  i'th  and  k 1 th 


columns . 


a 


, column 
a  /  ^row 

i  J 


q  =  p*  p 

H  =  m  •  p 

Cracovian  q  is  square  and  symmetric. 
Y  •  q  =  l 


The  solution  of  this  system  yields  the  least 
square  solution  for  the  array  of  unknowns  represented  by  Y, 

The  solution  is  Y  =  q  i  where  Y  is  Y  trans¬ 
posed  . 

Thus,,  all  we  have  to  do  is  find  q^. 

Now,  every  symmetric  cracovian  can  be  represented 
by  the  product  of  two  identical  triangular  cracovians. 


i .  e . 


i.c.  A1:l  0-21"  ‘ 


q 


q2l  q22 


s  • 


o 


q 


q 


li 


12 


g 


li 


and 


q21  S21gll  and 


;11  "  t/qll 


S21 


=  _^12 
gll 


q. 


22 


g21  +  g22  and  *  *  g22 


d22  ~  S21 


1/ 
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Thus,  the  elements  of  g  can  be  found  one  by  one. 

g_1  =  q-1(gT).  For 


Finally,  we  find  q”'*'  from 


this,  only  the  diagonal  elements  of  g  are  needed,  and 

-1  1 


these  are  simply  g^. 


Sil 


•1 


The  terms  of  q  can  be  calculated  one  by  one 
beginning  with  the  lower  right,  and  noting  that  q-^  is 
symmetric . 

We  know  that  Z  =  m  •  p,  and  .  . 

1 


Z.  =  2  t,, 

i  k  ik 


-wr  2  X.,, ,  where  k  takes  all 
v2  k  lk  , 


values  appropriate  to  all  stations  which  observed  shot 
i  (or  to  all  shots  observed  at  station  i) . 

Time  terms  =  Y1  =  q”  i . 

We  next  insert  Y  into  the  observational  equations; 
Xij 


b  .  =  T,  .  - 

J  i  J  V2 


,  and  we  get  a  set  of  expressions  of 


the  form:  Ch^. 


Vr 


d. 


ik 


6^,  where  is  the  residual 


Vr 


2  hk 
2  cik  hk 


The  square  of  the  standard  deviation  e  of  is: 

-i  .2 

o  Qii  o  p 

e,^  =  — - -  where  6  is  the  sum  of  the  squares  of  the 

1  K  -  L 

residuals  from  the  observational  equations,  K  Is  the  number 
of  observational  equations,  and  L  is  the  number  of  unknowns. 
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If  all  n  shots  have  been  observed  at  all  m  stations* 
the  problem  is  easier. 

In  this  case* 

q  : 


?  /II 
p  =  /ml-1  E1 


E11  nl11 

where  the  E's  have  one  in  all  positions*  and  the  I's  are 
identity  cracovions . 

II  is  square  and  has  n  columns. 

III  has  (m-l)  columns  (as  b  for  the  last  station 


has  been  set  to  zero) . 
has  (m-l)  columns  and  n  rows. 


q 


-1 


q"1q 


1  and  . 


Xm  +  z(m-l)  =  1 
Ym  +  z(m-l)  =  0 
X  +  Y(n-l)  +  zn 
nz  +  £n  =  1 
nz  +  rjn  =  0 


0 
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Next,  we  have  to  estimate  the  valud  of  the  time 
term  which  we  assumed  was  zero.  Once  this  is  done,  the 
actual  values  of  -all  the  time  -  terms  can  he  found.  The 
value  of  the  time  term  at  any  point  gives  the  depth  at 
that  point. 

This  method  would  he  very  useful  if  a  large 
number  of  shot  points  and  detector  locations  were  used. 
The  subsurface  could  then  be  mapped  very  accurately  using 
the  time-term  method.  But,  if  only  two  shot  points  are 
used,  one  at  each  end  of  the  straight  line  profile  along 
which  detectors  are  laid  out,  then  this  method  would  not 
yield  that  much  more  useful  information  than  ordinary 
seismic  theory  for  the  ttork  involved.  Furthermore,  it 
has  only  been  developed  for  two  layers  to  date,  which  is 
not  very  practical. 


And,  .  .  X  = 

Y  = 

z 

i  = 

T]  = 
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D.  The  Hus  -  Minus  Method  of  Interpretation: 

This  method  was  developed  by  J.  G.  Hagedoom  If 
travel  times  to  a  number  of  seismometers  are  recorded  from 
two  shot  points,  then  the  surface  of  the  refractor  may  be 
outlined  by  a  Huygen  construction  in  reverse.  An  approxi¬ 
mate  method  based  on  this  theory  is  the  plus  -  minus 
method . 

The  plus  values  at  the  surface,  that  is,  the 
simple  addition  of  the  two  travel  times  to  each  seismo¬ 
meter,  minus  the  constant  total  travel  time  between  the 
two  shotpoints,  will  be  proportional  to  the  depths,  to 
a  degree  of  accuracy  depending  on  the  relief  of  the 
refractor  surface  and  on  the  variation  of  velocity  in 
the  refractor.  This  plus  -  value  is  the  same  quantity  that 
is  usually  called  the  intercept  time.  It  must  be  multiplied 
by  a  scale  factor,  depending  on  the  velocities,  to  get  the 
actual  depth. 

If  the  minus  values  (the  simple  subtraction  of 
the  two  travel  times  to  each  seismometer)  are  plotted 
against  distance  along  the  surface,  then  the  slopes  of  the 
plotted  line  through  the  points  will  give  a  picture  of  the 
varying  velocities  in  the  refractor. 

In  essence,  the  plus  -  minus  method  transforms  the 
two  measured  variables  at  each  seismometer  into  two  independ¬ 
ent  variables,  the  plus  values  or  intercept  times  at  each 
point,  which  give  the  depths  or  delay  times  of  the  over- 
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burden,  and  the  minus  values  which  give  the  velocities 
in  the  underlying  layer. 

This  method  could  be  very  useful  if  the  sqme 
seismometer  locations  were  used  for  shots  from  each  end 
of  the  profile. 


E.  Least  Square  Fitting  the  Line  Segments: 

If  we  have  a  line  whose  equation  is: 

V" 

T  =  1\  +  y  ,  where  is  intercept  time,  and 

if  this  line  is  given  by  N  points  (X.,t  .),  then  the  least 

d  J 

squares  solutions  for  rIh  and  V  are  given  by  the  following 


1 

V 


2  X.t, 
J  J 


2  X,  2  t 

_ j ^ _ J. 

N 

(2  X  .)2 
v  .1 ' 

N 


and 


2  X  .  2  X.t.  -  2  t.  2X 
0  J  J  J 

(2  Xj)2  -  N(2  Xj2) 


These  formulae  are  the  normal  least  squares 
formulae,  and  should  always  be  used  in  refraction  seis¬ 
mology  to  calculate  the  best  straight  line  through  a 
number  of  arrivals.  These  formulae  were  quoted  here 
simply  for  ease  of  reference. 


F.  Correlation  of  Seismic  Waves: 

This  is  a  summary  of  the  paper  by  Veitsman  (1957) 
dealing  with  the  problem  of  correlation  tracing  of  seismic 
waves  and  wave  groups  recorded  in  seismic  depth  soundings 
of  the  earth’s  crust.  On  the  basis  of  analysis  of  a 
number  of  stable  kinematic  and  dynamic  indications, 
criteria  have  been  formulated  for  the  separation  and  iden¬ 
tification  of  wave  groups  recorded  on  separate  profiles. 
These  criteria  for  revealing  and  identifying  basic  wave 
groups  are  given  below: 

(a)  Kinematic  criteria: 

(l)  Criteria  from  arrival  time: 

(i)  the  order  of  arrival  of  the  different  wave 
groups  determined  as  a  function  of  the  distance 
from  explosion  point. 

(ii)  an  approximately  rectilinear  form  of  the 
hodograph  drawn  for  the  first  waves  of  each 
group.  A  hodograph  is  simply  a  graph  of  the 
arrival  times  vs.  distance  for  a  wave  group, 
with  each  point  joined,  rather  than  the  best 
straight  line  through  them  drawn.  For  a 
genuine  arrival,  the  hodograph  should  be 
approximately  a  straight  line. 

(ill)  an  approximately  prallel  relation  between 
successive  hodographs  constructed  according 
to  the  first  waves  of  one  and  the  same  group. 
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(iv)  fulfilment  of  the  principle  of  reciprocity: 
that  is,  the  equality  of  arrival  times  at 
reciprocal  points  on  reversed  h odo graph s . 

In  other  words,  the  interchange  of  shot  and 
detector  should  yield  the  same  arrival  time 
for  a  particular  wave  group. 

(2)  Criteria  for  apparent  velocities: 

(i)  similar  apparent  velocity  values  for  the 
majority  of  waves  of  one  group,  and  very 
different  values  for  the  other  groups . 

(ii)  similar  apparent  velocity  values  for  waves 
of  a  group  determined  from  phase  hodographs 
on  continuous  profiles. 

(b)  Dynamic  criteria: 

(l)  Criteria  from  intensity: 

(i)  the  presence  of  a  relative  maximum  for  each 
wave  group  on  the  amplitude  curve  A  =  A(t), 
inside  the  interference  zone;  that  is,  where 
the  wave  groups  are  separated . 

(li)  a  determined  regularity  in  the  variability  of 
the  relative  intensity  of  the  waves  of  the 
different  wave  groups  as  a  function  of  distance 
from  the  shot  point.  An  example  is  shown 


below: 
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(2)  Criteria  from  form  of  the  trace: 

This  means  stability  of  the  form  of  trace  for 
each  wave  group  on  the  separate  profiles. 

(3)  Frequency  criterion: 

There  should  be  a,  small  difference  in  the  prevail¬ 
ing  values  of  the  frequencies  recorded  for  the 
difference  wave  groups. 

Those  were  the  criteria  which  can  be  used  to 
correlate  groups  of  waves  recorded  on  various  spreads  at 
different  distances  from  the  shot,  with  ten  to  twenty 
kilometres  or  more  between  spreads.  The  fact  tnat  fg 
(intermediate  layer)  and  Pn  yioho)  waves  recorded  on 
earthquake  traces  as  individual  waves  appear  as  wave  groups 
on  SDS  seismograms  (Seismic  Depth  Sounding)  is  probabl.y 
the  result  of  the  greater  distinguishing  capacity  of  the 
SDS  method  in  comparison  with  the  ordinary  methods  of 
seismology.  The  first  waves  of  each  group  are  single 
refracted  head  waves  connected  with  the  mafn  and  cleareot 
seismic  boundaries  in  the  earth's  crust.  Tne  nature  of 
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the  subsequent  waves  is  still  not  clear,  but  they  may  be 
due  to  a  thin-layered  transition  region  between  layers 
with  different  seismic-wave  propagation  velocities. 

Veitsman  states  that  on  their  records,  at  least,  there  is 
no  basis  for  thinking  that  among  these  waves  there  are  any 
which  travel  along  refraction  boundaries  as  transverse 
waves . 

I  will  now  just  briefly  state  here  the  character¬ 
istics  of  the  basic  wave  groups  found  on  the  seismograms 
taken  in  Russia.  Waves  of  the  P^  group  (granite  layer )  were 
traced  as  first  arrivals  out  to  200  kms .  from  the  shot 
point.  On  the  SDS  seismograms,  they  are  rather  weak, 
and  dampen  rapidly  with  distance.  The  apparent  velocity 
values  are  5-6  kms. /sec.  and  the  oscillation  frequencies 
are  9  -  12  c.p.s.  Waves  of  the  P2  group  (basalt  layer) 
were  traced  up  to  a  maximum  distance  of  430  kms.  At 
distances  greater  than  300  kms.  (after  the  zone  of  inter¬ 
ference  with  P^  group  waves),  the  Pn  waves  are  never  first 
arrivals.  For  a  large  distance,  including  the  zone  of 

interference  with  the  P  group,  P0  waves  are  dominant, 

n  c 

having  much  larger  amplitudes,  with  much  less  dampening 
than  the  P-^  group  waves.  The  waves  of  the  P^  group  seem 
to  have  a  3imple  and  stable  form.  The  apparent  velocity 
values  are  6-7  kms. /sec.,  and  the  oscillation  frequencies 
are  9-10  c.p.s.  Waves  of  the  ?n  group  (Mohorovicic  dis- 
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continuity)  which  are  recorded,  after  the  interference  zone 
are  stable  in  form  and  undergo  considerably  less  damping 
with  distance  than  or  .  Apparent  velocity  values 
are  7-5  -  8.5  kms./sec.  and  oscillation  frequencies  are 
10  -  l4  c.p.s.  Mean  boundary  velocity  by  reversed  profiles 
is  8.1  kms./sec. 

The  principles  of  correlation  discussed  here  were 
used  extensively  in  the  interpretation  of  the  work  done 
by  the  University  of  Alberta. 

G.  Distance  Calculation 

Very  little  is  found  in  the  literature  on  the 
calculation  of  distance  between  shot  points  and  detectors. 

If  large  accurate  maps  of  the  region  in  which  one  is 
working  are  available,  then  distances  can  usually  be 
scaled  off  the  map  accurately  enough.  This  was  the  method 
used  by  us  at  the  University  of  Alberta.  The  most  accurate 
method^  however;  is  to  use  the  formula  for  distance  involv¬ 
ing  latitudes  and  longitudes  of  the  shot  point  and  detector 
location.  These  latitudes  and  longitudes  should  be  obtained 
from  the  local  Curvey  Department.  The  latitudes  which  they 
will  give,  however;  (and  those  found  on  the  map),  are  the 
geographic  latitudes,  that  is,  the  angles  between  the  normal 
to  the  geoid  and  the  equatorial  plane.  The  formula  requires 
the  geocentric  latitude,  that  is,  the  angle  between  the 
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radius  from  the  centre  of  the  earth  to  the  point  and  the 
equatorial  plane.  Thus,  the  latitudes  from  the  map  all 
require  a  correction  to  be  applied  in  order  that  they 
may  be  used  in  the  formula.  This  correction  can  be  obtained 
from  tables.  At  a  latitude  of  50°N,  the  correction  to  the 
geographic  latitudes  is  about  -  11.3  minutes. 

Let  0,  and  0  be  the  geographic  latitude  and  longi¬ 
tude  respectively.  Then,  a  correction  is  applied  to  6  to 
get  the  geocentric  latitude  @1  The  distance  formula  is 
then  given  by: 

11  11 

cos  A  =  sin  ©j  sin  6 ^  +  cos  0-^  cos  0p  cos  . 

A  is  the  angle  subtended  at  the  centre  of  the  earth  by  the 
two  points  (shot  and  detector).  Then,  the  distance 
between  the  shot  and  detector  is:  X  =  RA  where  R  is 

the  radius  of  the  earth  at  the  latitude  at  which  one  is 
working  and  A  is  the  angle  found  above,  in  radians. 

This  is  probably  the  most  reliable  method  of 
finding  distances  in  seismic  work. 

H.  Air  -  Coupled  Waves: 

I  just  wish  to  mention  very  briefly  what  air- 
coupled  waves  are,  and  when  they  should  be  observed. 

Air- coupled  waves  refer  to  two  phenomena,  a  ground  wave 
producing  an  air  wave,  or  an  air  wave  producing  motion  of 
the  ground.  In  most  investigations  of  elastic  wave  propa- 
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gation  in  solids  in  contact  with  the  air,  the  effect  of 
the  atmosphere  may  he  neglected.  But,  the  intensity  of 
signal  of  a  particular  frequency  transferred  may  be  very 
great  due  to  constructive  interference.  To  a  first 
approximation,  we  may  follow  Lamb's  treatment  of  the  effect 
of  a  disturbance  produced  by  a  travelling  line  source .  The 
travelling  impulse  may  be  replaced  by  a  series  of  infin¬ 
itesimal  impulses  placed  at  equal  intervals  of  time  along 
the  path  of  the  disturbance.  Each  impluse  initiates  a  train 
of  dispersive  waves,  and  constructive  interference  is 
possible  only  for  those  waves  of  such  a  frequency  whose 
phase  velocity  c  =  the-  speed  of  the  travelling  disturbance. 
The  energy  thus  transferred  from  the  air  to  the  ground  will 
form  a  train  of  constant  frequency  waves.  The  length  of 

time  that  the  wave  train  will  last  at  any  distance  will 

i  1 

be  proportional  to  (—  -  — )  where  u  is  the  group  velocity 
corresponding  to  phase  velocity,  c.  The  ground  waves  will 
extend  ahead  of  the  air  pulse  if  u  >  c,  otherwise  they  will 
lag  behind.  Generally, - u  <  c,  and  the  ground  waves  follow 
the  air  pulse. 

The  properties  of  the  air  enter  into  the  phase 
velocity.,  equation  only  through  a  term  of  this  form: 

-Eg 
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where  pa  is  density  of  air, 

p  is  density  of  solid  medium, 

Va  is  velocity  of  sound  in  air, 

c  is  phase  velocity  of  the  surface  waves  in  the 
solid  medium. 

Since  pa/p  10  ,  this  term  is  small  when  c  is  very 

different  from  Va.  But,  if  for  a  particular  frequency 
c — Wa,  then  the  term  is  large,  and  the  form  of  the 
dispersion  curve  in  the  neighbourhood  of  that  frequency 
will  be  great//  dependent  on  the  associated  air  wave. 

Compressional  wave  velocities  less  than  that  of 
sound  in  air  are  common  in  the  uppermost  part  of  the  low 
velocity  surface  layer,  and  shear  wave  velocities  much 
less  than  Va  are  the  rule.  Thus,  it  is  to  be  expected 
that  the  surface  waves  on  such  a  medium  will  be  strongly 
dispersed,  with  the  phase  velocity  decreasing  from  values 
greater  than  that  of  sound  in  air  at  low  frequencies  to 
values  less  than  Va  at  higher  frequencies.  Therefore, 
some  part  of  the  surface  motion  should  be  accompanied  by 
an  air- coupled  wave. 

Mathematical  theory  on  air- coupled  waves  will 
be  omitted  here,  but  results  can  be  summarized  as  follows: 
(l)  For  a  shot  in  a  layered  medium,  a  geophone  records 

ground  roll  as  an  orderly  sequence  of  dispersive 


Rayleigh  waves. 
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(2)  For  a  hole  shot,  an  air  microphone  records  a  constant 
frequency  train  of  waves  following  the  abrupt  arrival 
transmitted  with  the  speed  of  sound  in  air. 

(3)  Ground  roll  from  an  air  shot  recorded  by  a  geophone 
predominates  after  the  arrival  of  the  direct  air  wave, 
and  then  only  as  a  train  of  waves  having  constant 
frequency  and  phase  velocity.  The  character  of  the 
seismogram  after  the  arrival  of  the  air  wave  is  in¬ 
dependent  of  the  height  of  the  charge  above  the  surface. 

(4)  In  areas  where  a  high  speed  surface  layer  occurs  such 
that  the  Rayleigh  wave  velocity  in  the  surface  layer 
is  greater  than  V^,  coupling  of  the  ground  roll  to  the 
air  cannot  exist. 

From  this,  it  can  be  concluded  that  air- coupled 
waves  should  be  seen  in  Southern  Alberta,  and,  in  fact, 
they  were  observed.  This  will  be  discussed  in  the  chapter 
on  Interpretation. 

I.  Theory  used  in  the  Interpretation  of  the  results  of 
Southern  Alberta: 

The  seismic  theory  which  has  just  been  presented 
has,  of  course,  not  all  been  used  in  the  interpretation  of 
the  results  taken  by  the  University  of  Alberta.  Since  the 
travel  -  time  graphs  indicated  almost  no  dip,  seismic 
refraction  theory  for  horizontal  layering  was  used 
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extensively  in  the  preliminary  testing  of  models.  Seismic 
refraction  theory  for  dipping  layers  was  then  applied  to 
the  preferred  model  to  obtain  the  dips  of  the  layers, 
and  the  thicknesses  under  each  shot  point. 

Seismic  reflection  theory  for  horizontal  layering 
only  was  applied  to  the  University  results.  The  method 
which  I  have  called  the  short-cut  method  was  used  exclus¬ 
ively.  This  is  the  method  used  by  most  workers  in  the 
field,  and  gives  an  approximate  depth  to  a  horizon  (a 
depth  which  is  independent  of  any  other  data) .  The  depth, 
however,  will  be  slightly  greater  than  the  true  depth  for 
reasons  stated  before.  Since  the  dip  was  so  small  in 
Southern  Alberta,  it  was  felt  that  theory  for  horizontal 
layering  was  sufficient.  The  reflections  are  used  for 
checking  the  seismic  data,  to  see  if  the  preferred  model 
is  at  least  reasonable.  It  happens  that  for  the  data 
taken  in  southern  Alberta,  the  reflections  agree  extremely 
well: with  refraction  data.  But,  this  is  discussed  later. 
Dipping  theory  was  used,  however,  to  calculate  the  critical 
point  for  a  shot  from  both  east  and  west,  from  the  refrac¬ 
tion  data  for  the  final  model  chosen. 

The  time  -  term  method  of  calculation  was  not 
used  at  all  by  the  University.  This  method  would  be 
useful  where  more  than  two  shot  locations  were  used,  but, 
in  our  case,  for  the  additional  work  involved,  it  just 
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does  not  yield  that  much  more  information.  Furthermore, 
it  appears  that  the  method  has  been  developed  for  only 
two  layers,  while  our  preferred  model  at  the  University 
of  Alberta  for  Southern  Alberta  includes  six  layers. 

Thus,  the  time  -  term  method  is  of  little  use. 

The  method  outlined  by  Veitsman  (1957)  for  corre¬ 
lation  of  seismic  waves  in  seismic  depth  soundings  of  the 
earth's  crust  was  used  in  the  work  done  by  the  University. 
The  method  provides  a  basis  for  correlation  of  energy 
bursts  on  records  other  than  the  experience  and  intuition 
of  the  seismologist. 

These  theories  of  interpretation  will  be  referred 
to  again  in  the  chapter  on  Interpretation. 
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CHAPTER  4  -  FIELD  EQUIPMENT 

Field  equipment  consisted  of  two  sets  of  very 
low  frequency  refraction  apparatus  which  the  University- 
purchased  from  Texas  Instruments.  Each  set  consisted  of 
12  two  cycle  per  second  geophones ,  a  power  supply,,  an 
amplifier,  3  rolls  of  cable,  and  a  recording  oscillograph 
and  developing  tank.  Two  extra  geophones  were  purchased 
in  case  one  or  two  of  the  other  phones  became  unservice¬ 
able.  One  complete  set  of  equipment  was  installed  in  each 
of  two  panel  trucks  owned  by  the  University,  which  were 
used  for  transportation  throughout  the  summer.  When  the 
trucks  were  moving  from  one  location  to  another,  the 
equipment  was  all  fastened  securely  to  the  float?!  of  the 
truck.  The  cables  were  tied  down  with  rope.  The  geophone 
box  was  bolted  to  the  floor.  The  amplifiers  were  tied 
securely  to  the  table  (which  was  permanently  affixed  to  the 
floor)  with  rope.  The  camera  was  held  steady  by  means  of 
a  wooden  support  across  the  top.  Furthermore,  the  batter¬ 
ies  were  covered  with  a  specially  made  wooden  box.  All 
of  these  rather  elaborate  precautions  proved  their  worth 
during  the  summer,  since  the  trucks  were  each  involved  in 
an  accident  in  which  they  were  rolled.  None  of  the  equip¬ 
ment,  however,  was  damaged,  as  it  had  been  fastened  down 
securely . 
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When  a  location  was  selected  for  setting  up,  the 
cables  were  immediately  untied,  and  then  unrolled  one  at 
a  time,  by  setting  the  reel  on  the  geophone  box  and  driv¬ 
ing  forward  slowly  with  the  truck.  One  person  guided  the 
cable  off  the  reel  as  smoothly  as  possible.  Then,  on  the 
way  back  to  the  beginning  of  the  spread,  a  geophone  was 
carefully  dug  into  the  ground  at  each  takeout  on  the  cable . 
When  the  truck  arrived  back  at  the  point  from  which  it 
started,  the  geophone  box,  now  empty  of  phones,  was  removed. 
This  provided  ample  working  space  in  the  truck,  as  the 
cables  were  ,  of  course,  gone  also.  The  rest  of  the 
equipment  was  then  set  up  in  the  truck,  and  the  shot 
recorded.  Following  the  shot  and  the  development  of  the 
record,  the  equipment  was  once  more  tied  down,  and  the 
geophone  box  was  replaced.  Then,  the  cable  was  rewound 
by  backing  the  truck  slowly  along  the  line,  as  one  person 
in  the  back  reeled  in  the  cable,  with  the  reel  itself 
resting  on  the  top  of  the  geophone  box.  As  each  take-out 
on  the  cable  was  reached,  the  geophone  was  pulled  from 
the  ground,  clamped,  and  replaced  in  the  box.  When  the 
end  of  the  line  was  reached,  the  three  rolls  of  cable 
were  tied  to  the  floor,  and  the  truck  was  ready  to  move 
to  its  next  location. 

The  timing  of  the  shots  will  be  .discussed  later, 
after  the  specifications  of  each  piece  of  seismic  equipment 
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is  discussed.  The  amplifier  was  a  very  low  frequency 
system  developed  by  Texas  Instruments.  The  camera  was 
an  RS-8W  recording  oscillograph,  and  the  geophones  were  the 
S-36  VLF  detectors,  sold  by  Texas  Instruments. 

I  will  discuss  the  Power  Supply  and  amplifier 
first.  The  power  supply  is  a  fairly  standard  D.C.  power 
supply  designed  to  deliver  about  100  +  volts  of  D.C.  volt¬ 
age.  The  12  volt  D.C.  input  is  inverted  to  A.C.  by  the 
transistorized  inverter,  amplified,  then  rectified  and  filt¬ 
ered  to  give  300  volts  of  D.C.  The  300  volts  is  then  put 
through  a  tube- type  regulator,  and  is  finally  brought  to 
the  output  as  a  carefully  regulated  D.C.'  voltage  of  100  + 
volts.  A  difference  from  conventional  regulators  should 
be  noted,  however.  This  unit  clamps  the  grid  and  puts  the 
D.C.  voltage  sensing  on  the  cathode.  Thus,  a  change  in 
plate  voltage  looks  like  a  change  in  the  D.C.  output  volt¬ 
age.  This  design  can  cause  some  problems.  If  the  voltage 
is  changed  from  a  higher  value  down  to  a  lower  value, 
oscillations  with  a  period  of  approximately  one  second  occur 
in  the  output  voltage.  -If  the  voltage,  however,  is  moved 
up  to  a  desired  operating  level  from  some  lower  level, 
this  usually  does  not  occur.  The  oscillation,  if  it  occurs, 
can  be  seen  on  the  voltmeter  (on  the  amplifier).  \Je  did 
not  have  much  trouble  with  this  type  of  oscillation, 
however,  but  we  did  have  considerable  difficulty  with 
another  type  of  oscillation  to  be  discussed  later. 
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A  photograph  of  the  VLF  amplifier  appears  in 
figure  4.  The  amplifier  consists  of  12  channels,  with 
2  channels  in  each  bqnk.  An  amplifier  bqnk  can  be 
removed  very  simply  by  freeing  the  four  Dzus  fasteners 
with  a  screwdriver  and  pulling  the  unit  out.  This  is  very 
convenient  for  servicing.  Each  channel  has  an  attenuation 
control  calibrated  in  decibels  from  0  to  66  db .  Each 
amplifier  bank  (2  channels)  has  a  high  cut  frequency  control, 
with  possible  cut-off  frequencies  of  8,  12,  l6,  24,  32,  or 
48  cycles  per  second.  Note  that  each  channel  has  a  line 
balance  control.  This  control  is  simply  a  10  K  potentio¬ 
meter  across  the  -input  circuits  with  a  switch  in  the  arm 
to  ground.  With  the  knob  turned  to  off,  the  switch  is 
open.  The  control,  when  it  is  not  off,  serves  as  a  resis¬ 
tive  line  balance,  and  is  used  in  conjunction  with  a  filter 
network  to  attenuate  any  input  signal  above  60  cps.  It 
can  be  used  effectively  to  balance  out  60  c.p.s.  Note 
also  that  there  are  two  input  jacks.  Plugging  into  the 
second  input  simply  reverses  the  order  of  the  traces,  so 
that  the  phone  which  was  being  recorded  on  #1  trace  is  now 
being  recorded  on  #12  trace,  and  so  on.  The  operate- 
parallel-test  control  serves  as  a  function  switch  and  is 
in  the  signal  Input  circuit.  When  on  operate,  the  signal 
Is  connected  directly  to  the  amplifier  input  as  is  required 
for  normal  operation.  When  on  parallel,  the  signal  from 
phone  #3  is  fed  to  each  amplifier  input.  This  position 
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is  used  for  testing  the  phase  and  amplification  of  each 
amplifier.  When  on  test,  a  metering  circuit  is  available 
to  test  the  continuity  of  each  seismometer  circuit.  To 
do  this,  the  spring  -  switch  marked  90V  -  ohmmeter  must 
be  held  in  the  ohmmeter  position,  and  the  metering  switch 
is  rotated  from  1  through  12  to  check  each  seismometer  in 
turn.  The  resistance  of  each  should  be  about  4000  ohms. 

If  the  meter  reads  infinity,  the  seismometer  is  either 
disconnected  or  the  wires  to  that  seismometer  in  the  cable 
are  broken. 

The  characteristics  and  response  of  this  amplifier 
as  listed  in  the  manual  are  given  below. 

Frequency  response:  0.7  to  33  c.p.s.  for  high 
cut  filter  setting  at  48  c.p.s.  Figure  5  shows  the 
response  curves  for  various  filter  settings  including 
filter  insertion  loss. 

Phase  response:  figure  6  gives  the  phase  response 
in  milliseconds. 

Distortion:  distortion  is  below  1  fo  at  7  c.p.s., 

for  inputs  below  2  millivolts,  with  the  gain  adjusted  to 
give  1  inch  peak  to  peak  deflection. 

Gain:  An  Input  of  15  uv . ,  with  zero  attenuation 

and  high  cut  filters  at  h?  c.p.s.,  will  give  a  1  inch  peak 
to  peak  deflection  with  an  RS-8U  recording  oscillograph 
using  200  c.p.s.  galvanometers.  Instrument  gain  (including 
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geophones)  has  been  calculated  by  Dr.  Garland  and  is  shown 
in  figure  7  as  function  of  frequency. 

Noise:  The  internal  noise  of  the  instrument  is 

equivalent  to  an  input  signal  of  three  microvolts. 

Input:  the  input  impedance  is  10,000  ohms, 

and  the  line  is  balanced.  No  input  transformer  is  used. 

Output:  two  outputs,  having  a  deflection  ratio 

of  4  to  one  are  provided.  This  is  accomplished  simply 
by  dropping  the  signal  over  a  resistor.  No  output  trans¬ 
former  is  used,  and  the  outputs  are  unbalanced  with  one 
grounded . 

A  number  of  test  records  made  in  the  laboratory 
are  discussed  in  the  next  chapter. 

A  photograph  of  the  RS-8U  recording  oscillograph 
appears  in  figure  _8.  The  RS-SU  recording  oscillograph  is 
a  self-contained  unit  containing  an  optical  system, 
timing  system,  recording  galvanometers,  and  paper  trans¬ 
port  system.  The  galvanometers  are  all  200  c.p.s. 
galvanometers .  Three  paper  speeds  are  provided  in  the 
ratios  of  approximately,  1:2:3;  designated  as  slow, 
medium,  and  fast.  For  our  work,  we  set  the  slow  speed  at 
approximately  2  1/2  inches  per  second.  Medium  speed  was 
then  5  in. /sec.,  and  fast  speed  was  about  12  in. /sec. 

Most  of  our  records  were  taken  at  the  slow  speed,  and  a 
few  were  taken  at  medium  speed.  The  brightness  of  the 
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lamps  Is  also  automatically  changed  when  the  speed  Is 
changed.  The  lamps  are  brightest  on  fast  speed  and  weakest 
on  slow  speed.  This  is  accomplished  by  resistors.  It 
was  found  that  in  one  of  the  cameras,  two  of  the  resistors 
were  interchanged  when  the  unit  was  received  from  Texas. 

This  caused  a  very  intense  light  on  medium  speed  and  a 
weaker  light  on  fast  speed.  These  resistors  were  changed 
to  their  correct  positions  by  our  technician,  Mike  Burke. 

The  camera  takes  a  paper  size  of  6"  or  8"  x  200  ft.  Eight 
inch  paper  is  better,  as  it  allows  wider  spacing  of  the 
galvanometer  traces.  The  lamp  switch  turns  on  the  trace 
and  timing  lamps,  and  puts  the  voltmeter  across  the  battery 
terminals.  The  fork  switch  provides  power  to  the  fork 
to  keep  it  vibrating,  and  to  the  timing  moter  which  turns 
a  slotted  cylinder  between  the  timing  lamp  and  the  paper. 

The  motor  is  started  by  pulling  out  the  starting  rod  on 
the  lower  right  of  the  camera  and  pushing  it  swiftly  in 
to  give  the  motor  a  spin.  The  timing  motor  is  governor 
controlled  so  that  its  speed  is  constant.  To  verify  this, 
galvo  50  monitors  the  field  of  the  fork  coil.  The  fork 
has  a  frequency  of  100  c.p.s.  The  whole  timing  circuit 
has  an  accuracy  of  -  1  part  in  10,000  parts  for  any  tempera¬ 
ture  between  -4o°F.  and  +l4o°F.,  and  any  supply  voltage 
between  10.5  volts  and  15  volts  D.C.,  according  to  the 
manual.  The  outputs  from  the  VI1H'  amplifier  plug  into  the 
back  of  the  recording  oscillograph.  When  these  are  not 
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connected,  the  damping  blocks  should  be  inserted  to  protect 
the  galvos.  The  galvo  block  should  also  be  clamped  when 
the  camera  is  moved.  Note  that  the  brightness  and  sharp¬ 
ness  of  the  traces  can  be  controlled  by  adjustment  of  the 
galvos  forward  or  back.  If  the  light  reflected  from  a 
certain  galvo  can  be  seen  on  looking  into  the  camera, 
but  does  not  appear  on  the  developed  record,  the  galvo  is 
probably  out  of  adjustment.  Similary,  the  brightness  and 
sharpness  of  the  timing  lines  can  be  adjusted  by  changing 
the  tilt  on  the  mirror.  The  adjustment  for  this  is  at 
the  left  front  of  the  camera  unit .  The  records  can  be 
easily  developed  in  the  developing  box.  One  arm  is 
inserted  through  each  of  the  rubber  sleeves  in  order 
to  work  inside.  But,  since  the  sleeves  are  of  very  stiff 
rubber,  one  must  be  very  careful  that  light  does  not 
enter  around  one’s  arm.  We  found  it  convenient  to  darken 
the  trucks  as  much  as  possible  when  developing.  We  found 
that  the  easiest  and  safest  way  to  develop  records  was  to 
leave  the  lids  on  the  developing  cans  until  the  camera 
was  turned  off.  Then,  the  arms  are  inserted  through  the 
sleeves  and  the  paper  is  torn  off  and  rolled  up.  This  rolling 
up  is  absolutely  necessary  for  long  records  (anything  longer 
than  8  to  10  ft.).  Then,  the  lid  is  removed  from  the  can 
of  developing  solution,  and  the  record  is  unrolled  and 
rolled  up  through  the  solution  twice.  Then,  the  lid  Is 
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removed  from  the  water  and  the  record  is  briefly  washed. 
Then,  the  lids  are  placed  back  on  those  two  cans  and  the 
lid  is  removed  from  the  fixing  solution.  The  record 
is  unrolled  and  rolled  up  through  the  solution  once. 

Then,  the  can  of  fixer  with  the  record  can  be  taken  out 
of  the  developing  box  into  the  daylight.  There,  the 
record  can  be  rolled  through  the  solution  once  again. 
Records  up  to  100  ft .  long  were  developed  by  us  at  the 
University  of  Alberta  by  using  the  method  outlined  here. 

It  is  a  very  tedious  job,  but  the  records  are  always  good 
if  developed  this  way.  Drying  long  records  in  the  field 
can  be  a  problem,  especially  if  it  is  windy.  But,  if 
one  is  staying  at  a  hotel,  he  can  unroll  the  records  in 
the  corridor,  and  they  dry  very  quickly! 

A  photograph  of  an  S-36  seismometer  appears  in 
figure  \A.  The  detector  has  a  double  coil  system  wound 
as  a  "hum-bucking"  device.  The  coils  are  centered  in  the 
magnet  assembly  by  a  pair  of  springs  at  each  end  of  the 
assembly.  The  natural  frequency  is  2  c.p.s.  -  0.5  c.p.s. 
The  coil  resistance  is  4000  ohms.  The  frequency  response 
characteristics  of  the  S-36  are  shown  in  figure  9 .  It 
is  seen  that  the  internal  damping  resistor  is  15K.  Since 
we  did  not  add  any  external  resistance,  the  damping  which 
we  used  was  0.311,  critical.  Note  that  it  is  essential  to 
clamp  the  coil  when  the  geophone  is  moved.  The  clamping 
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screw  is  on  the  bottom.  It  should  be  clamped  at  all 
times  except  while  making  a  record.  The  seismometers 
are  quite  rugged  as  long  as  they  are  clamped.  In  particu¬ 
lar,,  in  one  of  the  truck  accidents  during  the  University 
of  Alberta  field  season,  the  top  was  torn  from  the  geophone 
box,  and  geophones  were  scattered  all  over  the  truck.  All 
worked  perfectly  when  tested  later  In  the  lab.  One  fault 
is  noted  in  the  geophones.  They  have  a  tendency  to  come 
unclamped  slightly  during  transportation  by  vibration  of 
the  truck.  However,  this  does  hot  seem  to  cause  them  any 
harm.  The  geophones  were  generally  buried  to  a  depth  of 
slightly  over  a  foot.  Usually  the  tops  of  the  phones 
were  just  deep  enough  to  cover  with  2  or  3  inches  of 
earth.  This  depth  was  found  to  be  quite  suitable  in 
keeping  wind  noise  to  a  minimum. 

This  completes  a  description  of  the  actual  seismic 
equipment  used.  It  should  be  noted  here  that  a  separate 
battery  must  be  used  for  each  unit,  power  supply  amplifier, 
and  recording  oscillograph.  Furthermore,  the  batteries 
must  be  isolated  from  each  other,  that  is,  a  common  ground 
cannot  be  used.  This  particular  fact  was  discovered  by 
the  University  of  Alberta  at  the  cost  of  much  valuable 
time.  Another  fact  discovered  at  the  same  time  was  that 
the  battery  connections  must  be  as  tight  as  possible  and 
as  clean  as  possible.  If  all  of  these  precautions  are  not 
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taken,  the  system  will  oscillate.  These  oscillations 
were  not  seen  in  the  laboratory  before  the  equipment  was 
taken  into  the  field.  I  presume  that  they  were  not  seen 
because  all  battery  connections  were  tight  and  clean. 

But,  once  in  the  field,  the  trouble  began.  The  oscillations 
were  intermittent  and  usually  occurred  Just  at  the  time 
an  arrival  was  expected,  thus  spoiling  the  record.  The 
frequency  of  oscillation  was  about  6  cycles  per  second, 
and  varied  if  the  high  cut  filters  on  the  amplifier  were 
varied.  This  oscillation  could  not  usually  be  seen  on 
the  voltmeter  which  monitored  the  power  supply  voltage, 
indicating  that  these  oscillations  were  different  from 
those  mentioned  earlier.  An  example  of  these  oscillations 
is  seen  in  figure  _10.  Sometimes  actual  oscillations  did 
not  take  place,  but  severe  voltage  "kicks"  occurred  which 
affected  all  traces.  See  figure  11.  Clearly  we  could  not 
operate  under  these  conditions.  A  technician  from  Texas 
Instruments  was  called  up,  and  he  too  was  somewhat  puzzled. 
Ke  suggested,  however,  that  we  isolate  the  batteries, 
solder  all  connections  firmly,  and  clean  all  dust  and 
other  foreign  material  off  the  batteries,  especially  near 
the  terminals.  This  we  did,  and  had  no  further  trouble. 

From  that  time  on,  we  found  that,  if  small  random  voltage 
kicks  began  to  occur,  when  the  batteries  were  cleaned 
and  all  connections  tightened,  the  trouble  disappeared. 
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This  cross-feed  is  a  peculiar  phenomenon*  but  apparently 
other  groups  have  the  same  problem  with  other  equipment 
as  well.  One  can  waste  valuable  time  if  he  doesn’t 
know  how  to  handle  the  difficulty. 

It  should  be  noted  here  that  the  University  of 
Alberta  used  a  spread  length  of  1.42  km.*  (4670  ft.). 

Three  cables  were  used*  and  placed  end  to  end.  Each  cable 
had  4  take-outs.  Take-out  spacing  was  4l0  ft.  But*  the 
ends  of  the  cables  were  245  ft.  long*  making  the  spacing 
between  phones  4  and  5  (where  two  cables  join)  490  ft.* 
and  the  spacing  between  phoned  8  and  9  also  490  ft.  The 
three  cables  end  to  end  measured  5160  ft .  The  cable  was 
a  24  conductor  shielded  type . 

Besides  the  seismic  equipment  in  each  truck* 
there  was  installed  a  General  Electric  Transistorized 
Progress  Line  two-way  portable  radio.  These  were  two- 
channel  units  designed  to  operate  at  very  high  frequencies 
(150  me.  or  so).  The  Suffield  Experimental  Station*  who 
were  setting  off  the  charges  for  us*  were  supplied  with  a 
console*  a  device  which  delivers  a  one  second  1000  cycle 
per  second  tone  from  time  minus  1  second  to  zero*  and 
then  fires  the  shot  on  zero  (at  the  end  of  the  tone) . 

The  seismic  trucks  recorded  this  tone  on  one  of  the  galvano¬ 
meter  traces  in  the  camera*  thereby  providing  the  shot  time 
on  the  seismic  records.  In  order  to  receive  the  radio 
signal  from  Suffield  out  to  High  River*  two  repeater 
stations  were  set  up,  one  at  Rainier  and  one  at  Buffalo 
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Hill,  12  miles  north  of  Vulcan.  By  equipping  the  mobiles 
in  the  trucks  with  the  appropriate  crystals ,  we  could  talk 
to  and  receive  Suffield  either  through  Rainier.,  through 
Buffalo  Hill,  or  directly,  depending  on  our  location. 

The  second  channel  of  the  mobiles  was  never  used.  It  was 
supposed  to  have  been  used  for  communication  from  mobile 
to  mobile,  but  the  correct  crystals  for  the  frequencies 
assigned  by  D.  0.  T.  were  never  received.  It  is  a 
nuisance  both  to  the  personnel  of  the  trucks  and  also  to 
the  personnel  at  the  shot  point  if  messages  between  trucks 
have  to  be  relayed  by  the  people  at  the  shot  point. 

At  the  recording  trucks,  the  radio  signal  from 
Suffield  was  rectified,  integrated  and  placed  directly  on 
one  of  the  spare  galvanometers  by  means  of  one  of  the  extra 
inputs  on  the  back  of  the  camera.  The  one-second  tone  then 
gave  a  sharp  break  at  the  beginning  and  ending  on  the  trace, 
and  the  shot  instant  could  be  fixed  on  the  record  to  within 
1  or  2  milliseconds.  See  figure  12  for  an  example  of  a 
good  tone  break.  The  exact  length  of  the  tone  determined 
in  the  laboratory  at  Suffield  was  .999335  secs.  -  1  millisec 
and  the  shot  was  always  fired  in  1.003018  secs.  -  1  millisec 
after  the  beginning  of  the  tone  break.  This  method  of 
timing  proved  quite  successful  once  it  was  operating. 

Many  difficulties  and  delays  were  encountered  at  the 
beginning  of  the  summer,  however,  in  setting  up  the  repeater 
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stations,  obtaining  proper  crystals,  and  generally  ironing 
the  "bugs"  out  of  the  system.  But,  once  the  repeaters 
were  up  and  tuned  properly,  and  the  crystals  installed  in 
the  mobiles  and  they  were  tuned  properly,  the  timing 
system  was  very  effective.  On  any  occasions  when  one  of 
the  mobiles  was  not  working,  a  standard  broadcast  radio 
station  was  used  to  time  the  second  truck.  The  first  truck 
put  the  tone  break  on  one  trace  and  the  radio  station  on 
another  trace  (also  rectified  and  integrated) .  The  second 
truck  put  on  only  the  radio  station.  It  is  then  a  simple 
matter  to  correlate  the  radio  station’s  signal  on  both 
traces,  and  thereby  provide  the  timing  for  the  second  truck. 

It  will  be  seen  that  shots  2  and  3  for  the  Univer¬ 
sity  of  Alberta  were  not  fired  by  Suf field.  They  were 
fired  from  the  west  by  the  Century  Geophysical  Company. 

Thus,  the  radio  link  was  not  used  for  timing.  In  these 
cases,  the  WWV  and  CBC  time  signals  were  used.  The  record¬ 
ing  trucks  each  recorded  the  CBC  time  signal  (the  beginning 
of  the  CBC  long  dash  marks  10:00  A.M.).  At  the  shot  point, 
a  two  channel  brush  recorder  was  used.  On  one  channel, 
the  WWV  time  signal  was  recorded.  On  the  other  channel, 
the  shot  instant  was  recorded,  by  recording  the  discharge 
of  the  capacitor  in  the  firing  circuit.  Thus,  the  exact  time 
after  the  hour  of  the  shot  was  determined.  It  was  then  an 
easy  matter  to  pick  off  this  time  on  the  records  obtained 
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by  the  recording  trucks.  Shot  #  7  was  also  fired  from 
the  west,  and  in  this  case,  the  timing  was  provided  by 
WWV  and  a  chronometer.  Since  WWV  was  usually  rather 
difficult  to  receive,  a  chronometer  would  be  rated  against 
WWV  when  the  signal  was  good,  by  recording  the  chronometer 
clicks  on  one  trace  and  WWV  on  an  adjacent  trace.  Then, 
when  the  shot  was  fired,  the  chronometer  was  recorded  on 
one  trace  and  the  shot  instant  (discharge  of  capacito^)  on 
another  .  This  proved  quite  effective.  All  these  shots 
from  the  west  were  also  recorded  for  us  by  some  American 
groups,  the  USGS  and  the  USCG3.  Timing  on  the  USGS  records 
was  provided  by  WWV  only.  Since  we  recorded  the  absolute 
time  of  the  shot  for  all  shots  from  the  west,  it  was  an 
easy  matter  to  pick  the  shot  time  on  the  American  records. 
See  figure  _13  for  an  example  of  a  chronometer  signal,  and 
a  WWV  signal. 

The  next  chapter  deals  with  various  tests  performed 
in  the  laboratory  prior  to  the  field  work,  with  the  seismic 
equipment  that  has  been  specified  in  this  chapter. 
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CHAPTER  5  -  LABORATORY  TESTING  OF  EQUIPMENT 

Before  going  into  the  field*  extensive  tests  were 
carried  out  in  the  laboratory  using  the  VLF  refraction 
system.  A  wooden  frame  was  built  (see  figure  14)  to 
hold  twelve  seismometers  upright  with  their  bases  resting 
on  the  cement  floor.  The  rest  of  the  equipment*  including 
the  tire e  batteries*  was  set  up  on  the  laboratory  table. 
Impulses  were  given  to  the  geophones  by  jumping  on  the 
floor.  In  this  way*  various  tests  on  amplitude  and  phase 
of  the  amplifiers*  phase  of  the  phones*  etc.*  as  described 
below  were  carried  out  in  the  lab. 

The  portion  of  the  test  record  in  figure  15 
illustrates  a  typical  amplitude  and  phase  test  of  the 
amplifiers.  The  amplifier  was  set  on  Parallel  which  means 
that  the  same  signal  (from  phone  #3)  is  being  fed  into 
each  amplifier  input.  All  attenuations  were  set  at  60  db . 
down*  and  the  camera  was  operated  on  fast  speed.  The 
amplitudes  of  the  traces  were  measured  as  below: 
trace  no.  amplitude ( peak  to  peak)  (mm) 
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The  average  amplitude  was  9.8  mm.  Greatest 

o  q  . 

deviation  from  the  average  was  x  100  =  9.2$. 

Thus,  the  amplitudes  are  within  -  10$.  This  is 
the  maximum  allowable  deviation  according  to  the  manual. 

The  phase  of  the  pulse  on  each  trace  is  also  within 
-  1  millisecond.  This  is  satisfactory.  When  the  Willmore 
1  c.p.s.  seismometer  was  substituted  for  one  of  the  S-36 
phones  in  an  "operate"  test,  it  was  found  that  the  Willmore 
is  not  as  sensitive  as  the  TI  phones.  The  energy  output 
of  the  Willmore  seems  to  be  about  only  1/4  the  output  of 
the  TI  phones,  since  an  attenuation  6  db.  less  makes  the 
amplitude  of  the  Willmore  trace  only  very  slightly  more 
then  that  of  the  TI  phones. 

Various  tests  were  performed  to  determine  the 
correct  lamp  intensity  for  the  recording  and  timing  lamps. 
Other  tests  were  performed  to  determine  to  what  extent 
time  of  developing  affected  the  final  record.  It  was 
found  that  a  developing  time  of  30  sec.  was  insufficient, 
although  the  record  could  probably  be  interpreted  with 
extreme  difficulty.  A  developing  time  of  one  minute  resulted 
in  a  clear,  bright  record.  A  developing  time  of  4  minutes 
also  resulted  in  a  clear,  bright  record,  very  little  dif¬ 
ferent  from  the  record  developed  in  one  minute.  Thus, 
overdeveloping  does  not  seem  to  harm  the  record  in  anyway. 
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Figure  JLo  shows  a  portion  of  another  very  import¬ 
ant  test  record.  This  record  was  a  parallel  check  on 
.medium  speed.  It  shows  that  the  6  db .  steps  on  the 
attenuation  are  not  all  identical.  Each  6  db .  step  should 
increase  the  energy  output  of  the  amplifiers  by  4  times, 
and  therefore,  should  increase  the  amplitude  of  the 
traces  by  two.  This  was  not  always  the  case  as  seen  from 
the  measurements  below: 

trace  atten.  ampl.(peak  expected  no.  of  times  no.  of  times 

to  peak  of  ampl .  inc.,  increase  increase 

_ _ ' _ pulse)  (mm)  over  over  previous  over  4  1 
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Figure  JL7  shows  6  short  portions  of  a  test  record. 
The  test  was  run  on  parallel  on  medium  speed.  The  high- 
cut  filter  settings  and  attenuations  are  given  below: 

part  H.C.F.(c.p.s.)  atten . (db) 

1  48  54 

2  32  48 

3  24  42 

4  16  36 

5  12  30 

6  8  24 

This  record  actually  proves  very  little  since  no 
strict  control  of  the  magnitude  of  the  pulses  was  made. 

It  does  show  though  that  the  high  cut  filters  do  reduce 
the  high  frequency  components,  and  it  indicates  that  a 
6  db.  decrease  in  attenuation  slightly  more  than  compen¬ 
sates  for  the  attenuation  due  to  filter  loss. 

Figure  18  shows  part  of  another  important  test 


record . 

This  record  was 

also  taken 

on  parallel,  but  on 

fast  speed.  Attenuation 

below: 

for  the  various  traces  is  shown 
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A  fairly  large  pulse  was  delivered  to  the  phones. 
Note  the  distortion  on  the  upper  peaks  of  the  traces  with 
low  attenuation.  I  think  it  can  be  concluded  that  the 
distortion  is  caused  by  the  amplifier  and  not  b/  the  fact 
that  the  galvanometers  have  reached  their  limit  of  swing. 

By  examining  the  record,  one  can  see  that  roughly  speaking 
distortion  occurs  on  the  upper  traces  at  an  amplitude  of 
7  1/2  cm.,  and  on  the  lower  traces  at  an  amplitude  of  2  cm. 
Now,  the  lower  traces  are  12  db.  down  from  the  upper  traces, 
meaning  that  they  should  have  1/4  the  amplitude.  The 
difference  is  provided  by  resistors.  Thus,  the  signal  for 
both  upper  and  lower  traces  has  gone  through  the  same 
amplification  by  the  amplifiers.  And,  as  we  see,  distor¬ 
tion  occurs  at  about  1/4  the  amplitude  in  the  lower  traces, 
indicating  that  the  amplifiers  are  the  cause.  Furthermore, 
there  is  no  difference  at  all  between  the  galvanometers 
making  the  upper  traces  and  those  making  the  lower  traces. 
This  was  proven  by  reversing  the  connections  at  the  back 
of  the  camera  and  putting  the  signal  of  1/4  amplitude  on 
the  upper  traces.  Thus,  if  the  cause  of  distortion  were 
the  galvos,  we  would  expect  to  see  the  distortion  on  the 
traces  of  high  amplitude  and  not  on  the  traces  of  1/4 
amplitude.  Thus,  the  distortions  are  caused  by  the  ampli¬ 
fiers.  This  is  useful,  actually,  as  it  prevents  the  galvos 
from  becoming  overloaded.  Note,  however,  that  the  peaks 
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seem  to  be  amplified  more  than  the  troughs,  since  none  of 
the  troughs  show  distortion.  This  is  a  curious  point. 

Figure  _19  shows  two  interesting  points.  The 
record  was  run  on  operate  so  that  there  is  a  separate 
geophone  on  each  trace.  The  speed  was  medium.  The  Willmore 
phone  is  on  #1  trace  with  an  attenuation  of  db .  All 
the  other  traces  are  Texas  S-36  phones,  all  at  an  attenu¬ 
ation  of  60  db .  No.  12  geophone  is  resting  on  a  double 
thickness  of  foam  rubber,  while  all  the  others  are  rest¬ 
ing  on  the  cement - f loor .  Trace  #  2  was  connected  to  a 
strong  60  cycle  source.  This  record  shows  crossfeed 
between  adjacent  channels.  The  60  cycle  source  on  the 
second  trace  affects  the  first  trace  very  much  (it  is  in 
the  same  amplifier  bank)  and  the  third  trace  to  some 
extent.  The  amplifier  manual  does  not  give  the  channel 
separation,  but  it  doesn't  seem  to  be  as  much  as  it  might 
be.  The  second  noticeable  point  about  this  record  is 
that  the  noise  level  of  trace  #12  (#12  phone  is  on  the 
foam  rubber)  is  much  higher  than  that  of  the  other  traces. 
Also,  when  a  pulse  is  applied,  this  phone  oscillates  at  a 
frequency  of  between  30  and  35  c.p.s.  This  is  probably 
the  natural  frequency  of  the  particular  kind  of  rubber 
used.  This  fact  means  that  a  geophone  needs  to  be 
planted  firmly  in  solid  ground. 

The  next  test  was  designed  to  check  the  phase  of 
the  geophones.  Does  an  upmotion  of  the  ground  produce  an 
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up-kick  or  a  down-kick  on  the  seismic  record?  A  weight 
(a  coil  of  paper)  on  a  string  was  used.  The  record  was 
run  on  operate  a  low  speed.  Phone  #12  was  the  one  used 
for  testing,  and  it  was  placed  on  a  double  thickness  of 
foam  rubber.  Figure  20  shows  the  record  produced.  The 
first  pulse  was  produced  by  setting  the  weight  on  the 
phone.  This  causes  a  down  motion  of  the  phone  which 
caused  an  up-kick  on  the  record.  The  next  pulse  was 
produced  by  lifting  the  weight  off  again.  The  phone 
would  move  up  and  this  produced  a  down-kick  on  the  record. 
Thus,  it  is  concluded  that  an  up-motlon  of  the  ground 
produces  a  down-kick  on  the  record,  when  the  phones  are 
connected  in  the  normal  way  (black  on  black,  and  red  on 
red).  This  is  conventional  for  exploration  work. 

Figure  21  shows  a  dynamic  test  of  the  geophones. 
This  test  is  designed  to  determine  whether  the  geophone 
is  swinging  properly  (that  is,  whether  it  is  clamped  or 
undamped.).  This  test  is  useful  in  the  field  to  deter¬ 
mine  if  a  geophone,  which  checks  out  perfectly  on  the 
resistance  test  but  produces  only  a  dead  trace,  is  clamped 
or  not.  If  it  is  not  clamped,  then  the  trouble  is  probably 
at  the  recording  truck.  It  can  save  a  long  useless  walk! 
The  test  Is  carried  out  by  setting  the  high  cut  filters 
on  48  c.p.s.  and  the  attenuation  at  66  db .  Low  speed  is 
best.  The  amplifier  is  set  on  test.  The  camera  is 
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started,  and  the  meter  switch  on  the  amplifier  is  rotated 
clockwise  through  1,  2,  3,  • • ■  12,  one  step  per  second  or 

so.  This  applies  a  pulse  to  each  phone  in  turn.  The 
record  is  then  developed.  An  unclamped  phone  will  swing 
freely  and  damp  slowly.  A  clamped  phone  damps  out  very 
quickly  as  shown  in  the  figure.  This  test  cannot  show 
the  polarity  of  the  phone,  however,  that  is,  if  the  connec¬ 
tions  on  the  phone  have  been  connected  to  the  cable  in 
reverse  order  or  not . 

Another  test  which  was  performed  was  designed  to 
check  the  accuracy  of  the  timing  motors  in  the  cameras. 

A  chronometer  was  put  on  one  galvo  trace  of  the  camera. 
Then,  a  short  record  was  run  to  rate  the  chronometer 
against  the  timing  lines  produced  by  the  timing  motor  in 
the  camera.  The  timing  motor  and  chronometer  were  then 
allowed  to  run  for  a  few  hours.  Each  hour,  a  short 
record  was  taken  to  rate  the  chronometer  and  timing  lines 
again.  Assuming  that  the  chronometer  is  correct,  it  was 
found  that  one  timing  motor  (on  the  So  unit)  was  drifting 
.019  sec. /hr.  and  the  one  on  the  other  unit  (the  S3)  was 
drif ting ,. 035  sec. /hr.  This  is  less  accuracy  than  that 
quoted  in  the  manual  (l  part  in  10,000).  Here,  we  have 
approximately  3  parts  in  10,000  and  6  parts  in  10,000 
respectively.  But,  we  cannot  be  sure  that  the  chronometer 
was  not  drifting.  In  any  event,  the  accuracy  Is  far  more 
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than  that  required  for  our  field  work. 

This  would  be  a  good  place  to  include  information 
on  the  cables.  Part  of  this  was  discovered  in  the  labora¬ 
tory  and  part  in  the  field.  The  table  below  gives  the 
distances  of  the  various  take-outs  on  the  cable  (i.e., 
three  shorter  cables  connected  together) . 


Geophone  # 

Ft. 

Kms . 

Geo phone  # 

Ft . 

Kms  . 

female  end 

'  0 

0 

7 

2785 

.850 

1 

245 

.0746 

8 

3195 

.974 

2 

:655 

.199 

9 

3685 

1.124 

3 

1065 

.325 

10 

4095 

1.248 

4 

1475 

.450 

11 

4505 

1.372 

5 

1965 

.599 

12 

4915 

1.499 

6 

2375 

.724 

male  end 

5160 

1.572 

The 

actual 

spread 

length  (from 

phone  1 

to  phone 

12)  is  4670  ft.  or  1.424  kms . 


Take-out  #1  (Geophone  #1)  can  become  the  upper 
trace  in  two  different  ways:  (l)  plugging  the  female  end 
of  the  cable  into  input  #2  of  the  amplifier,  (2)  plugging 
the  male  plug  into  the  reversing  connector  and  plugging 
the  reversing  connector  into  input  #1  of  the  amplifier. 

Similarly,  taK.e-out  can  become  the  lower  trace 
by:  (l)  plugging  the  female  plug  into  input  #1,  (2)  plug¬ 
ging  the  male  plug  into  the  reversing  plug  and  plugging 
the  reversing  plug  into  input  #2. 
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To  put  all  this  very  simply:  the  take-out  nearest 
the  truck  becomes  the  #1  trace  if  input  #2  is  used 
(whether  or  not  a  reversing  plug  is  needed) . 

In  all  our  work  at  the  University  of  Alberta, 
we  made  It  a  convention  to  have  the  phone  nearest  the 
shot  on  the  #1  trace. 

This  concludes  a  description  of  the  series  of 
tests  performed  in  the  laboratory  with  the  equipment 
before  the  field  season  began. 
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CHAPTER  6.  GEOLOGY  OP  THE  AREA  AND  THEORETICALLY 
PREDICTED  SEISMIC  ARRIVALS. 

Although  the  main  interest  is  not  in  the  sediment¬ 
ary  section,  an  account  must  be  taken  of  this  section  in 
order  to  accurately  determine  the  thicknesses  and  depths 
of  the  crustal  layers .  This  chapter  explains  how  the 
effect  of  the  sedimentary  section  was  found. 

Reflection  records  and  velocity  well-logs  for 
Southern  Alberta  were  obtained  from  various  oil  companies 
for  the  purpose  of  determining  as  accurately  as  possible 
the  geology  of  the  area  in  which  the  seismic  survey  was 
to  be  carried  out.  Five  well-logs  were  found  in  the 
general  area  of  Southern  Alberta  between  High  River  and 
the  East  shot  point  on  the  Suf field  Range.  These  wells 
were  not  in  a  straight  line  along  our  profile,  of  course, 
but  it  was  assumed  that  a  well  survey  a  few  miles  off 
the  seismic  line  could  be  used  to  represent  conditions 
along  the  line  without  great  error.  Three  of  these  wells 
penetrated  the  Precambrian  basement.  The  various  layers 
with  their  velocities  as  identified  by  the  wells  were 
plotted  on  the  profile  shown  in  figure  _22.  Then,  the 
reflection  records  for  the  general  area  between  High  River 
and  Suf field  were  carefully  picked  for  reflections  from  the 
various  layers  down  to  and  including  the  Precambrian  base¬ 
ment.  Depths  to  any  reflecting  layer  were  calculated 
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using  the  standard  method  employed  where  well  data  is 

available.  From  the  well  data,  average  velocity  versus 

depth  curves  are  prepared.  Then,  from  the  basic  reflection 

formula:  =  x^/V^  +  4h"'/Vr-,  time  versus  depth  curves 

can  be  prepared  for  various  values  of  x.  Then,  the  times 

for  the  various  reflections  on  the  reflection  records 

are  used  in  conjunction  with  the  above  set  of  curves  to 

read  off  the  depths  to  the  various  reflecting  layers. 

This  method  of  calculating  depths  from  reflections  is 

actually  the  short-cut  method  described  in  the  theory  with 

one  refinement,  and  that  is,  that  here  the  average  velocity 

to  various  depths  is  known  from  well  data.  If  this  is 

2  2 

not  known,  then  the  T  versus  x  curve  must  be  plotted 
and  the  slope  taken.  In  this  case,  for  calculation  of 
depths  to  the  various  layers  down  to  the  basement,  the 
average  velocity  from  the  well  nearest  the  point  where 
the  record  was  taken  was  always  used.  The  various  depths 
that  were  calculated  were  then  plotted  on  the  profile  in 
figure  _22.  Then,  in  conjunction  with  the  well  data  pre¬ 
viously  plotted  on  the  profile,  it  was  a  relatively  easy 
matter  to  correlate  the  various  reflecting  horizons.  The 
Solid  lines  indicate  layers  which  are  well  supported  by 
both  reflection  and  well  data.  Thus,  the  profile  in 
figure  _22  is  considered  to  be  a  reasonably  accurate 
representation  of  the  cro3S-section  down  to  the  basement 
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in  the  region  of  Southern  Alberta  where  the  seismic 
survey  was  taken,  calculated  from  all  the  latest  ref lec¬ 
tion  and  well  data  in  the  area.  It  is  seen  from  the 
well  data  that  the  velocity  within  each  of  the  horizons 
increases  to  the  west.  It  is  also  seen  that  all  the  hori¬ 
zons  begin  a  very  gentle  slope  to  the  west,  at  the  western 
end  of  the  profile,  towards  the  mountains.  This  slope 
appears  quite  steep  in  the  cross-section  because  of  the 
vertical  exaggeration  of  about  50  times.  The  actual  slope 
at  the  western  end  is  about  1.3  degrees.  The  velocity  in 
any  layer  down  to  the  Mississippi- an  is  very  little  differ¬ 
ent  from  that  in  any  other  layer.  Therefore,  these  layers 
are  grouped  together  and  the  various  values  of  stated 
on  the  profile  are  the  average  values  of  the  velocity  in 
this  "first  layer"  at  each  well.  Similarly,  the  Mississippian 
and  Devonian  layers  (and  any  other  layers  between  the  Missis¬ 
sippian  and  Precambrian  which  did  not  show  up  on  the  reflec¬ 
tion  records)  are  grouped  together  and  the  values  of  Vg 
stated  on  the  profile  are  the  average  values  of  the 
velocity  in  this  "second  layer"  at  each  well.  Since  only 
3  wells  penetrated  the  Precambrian  and  then  only  very 
slightly,  it  could  not  be  determined  very  accurately 
whether  or  not  the  velocity  in  this  layer  increased  from 
east  to  west.  V0  is  an  average  velocity  in  this  layer 

D 

from  all  well  data  and  is  about  6.3  km. /sec.  If  we 
assume  that  the  velocity  in  the  upper  layer  and  in  the 
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Missisaippian  layer  Increases  linearly  from  east  to  west 
(and  this  appears  to  be  roughly  true),,  then  since  well 
#4  is  about  at  the  midpoint  between  the  shot  points *  we 
can  say  that  the  velocities  found  at  well  § 4  are  average 
values  for  the  profile.  Therefore,,  average  values  of 
velocities  are: 

=  10,000  ft. /sec.  =  3.05  km. /sec. 

Vp  =  18,000  ft. /sec.  =  5.48  km. /sec. 

V0  =  20,650  ft. /sec.  =  6.30  km. /sec. 

Thus,  average  velocity  in  the  upper  (Cretaceous)  layers  is 
3.1  km. /sec. 

Average  velocity  in  the  Mississippian  layer  is 
5.5  km. /sec.,  and  the  average  velocity  in  the  basement 
( precambrian)  is  6.3  km. /sec.  These  average  values  are 
useful  to  keep  in  mind  as  orders  of  magnitude  of  the 
velocities,  but  for  any  calculations,  the  fact  that  the 
velocity  does  increase  from  east  to  west  must  be  taken 
into  consideration. 

The  upper  layers  (Cretaceous)  are  generally  sand¬ 
stones  and  shales.  The  Mississippian  layer  is  high-speed 
limestone.  The  Precambrian  is  generally  known  as  the  top 
of  the  granite  layer.  It  consists  of  a  complex  of  igneous 
and  metamorphlc  rocks. 

The  next  section  discusses  the  calculation  of 
theoretical  refraction  arrivals  from  both  the  Mississipian 
and  the  Precambrian  basement.  Since  it  Is  not  very  certain 
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that  the  velocity  in  the  Precambrian  increases  from  east 
to  west,  a  fixed  velocity  of  6.3  km. /sec.  was  used  for  this 
layer  in  all  calculations.  However,  for  refraction  time 
through  the  Hississippian  and  Precambrian,  the  increase  in 
velocity  in  the  limestone  was  definitely  considered.  Fig- 
ure  23  shows  a  plot  of  1/7  in  the  Mississippian  from  east 
to  west  (top)  and  from  west  to  east  (bottom).  This  figure 
also  indicates  how  the  travel  time  was  calculated  through 
the  Mississippian  by  integrating  these  graphs.  From  the 
seismic  theory  chapter,  travel  time  for  two  layers  is 


y  Vp2  -  V-,2  1/2 

=  Tr  +  2zx(-y 

”2  V, 


This  can  also  be  written  as 

y  2Z..  cos  i 
T  =  -  +  ^  1 


12 


Vr 


V 


1 


The  first  term  X/70  is  calculated  by  integrating  the  graph 
of  1/V0  versus  X  (figure  23)  .  The  second  term  (2z^  cos  i^^l 
can  be  called  a  tim^-delay  term.  This  term  is  composed  of 
two  parts,  the  travel  time  from  the  shot  to  the  Mississip¬ 
pian  and  the  travel  time  from  the  Mississippian  to  detector. 
These  two  times  are  the  same  if  the  depth  z^  is  constant 
(i.e.,  if  the  layer  is  horizontal)  and  if  is  also  con¬ 
stant.  Neither  is  true  here.  Thus,  we  calculate  a  delay 
time  for  the  shot  point  and  one  for  the  detector  and 
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divide  by  two  to  get  the  total  delay  time.  Thus.,  for 
any  shot  -  detector  distance  X,  the  appropriate  delay  time 
is  calculated  and  added  to  the  appropriate  integral  from 
the  graph  to  give  the  total  travel  time  for  that  refraction 
from  the  Mississippian .  Using  this  method*  the  theoretical 
refraction  lines  from  the  Mississippian  were  calculated 
for  both  the  west  shot  point  and  the  east  shot  point. 
Similarly*  theoretical  refraction  times  from  the  Pre Cam¬ 
brian  were  calculated  for  both  the  west  shot  point  and  the 
east  shot  point;  More  complicated  delay  terms  a re  involved 
in  this  case*  but  integration  on  a  velocity  -  distance 
graph,  is  not  necessary  since  we  are  considering  (for 
lack  of  data)  a  uniform  velocity  of  6.3  Ion. /sec  .  at  the 
top  of  the  Pre cambrlan. 

These  theoretical  refraction  arrivals  for  the 
Mississippian  are  shown  plotted  on  the  same  time  -  distance 
graphs  as  our  field  results  (figures  _26  &  _27)  .  More  will 
be  said  about  them  later  in  the  chapter  on  Interpretation 
of  the  Field  Results. 

The  calculations  are  not  included  in  this  thesis, 
since  the  details  are  not  pertinent  to  the  results.  They 
a'r e *  however,  available  at  the  University  of  Alberta.  The 
theoretical  arrival  times  for  the  Precambrian  are  not  shown 
on  our  graphs*  since  the  times  are  very  close  to  those 
actually  found  in  the  field,  and  their  inclusion  would  have 
made  the  graphs  difficult  to  read. 
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CHAPTER  7  -  ORGANIZATION  OF  THE  FIELD  WORK 

The  seismic  work  by  the  University  of  Alberta 
was  carried  out  in  Southern  Alberta  for  a  number  of 
reasons.  The  area  is  open,  flat,  prairie  with  no  trees 
and  only  an  occasional  farm  house.  One  can  drive  almost 
anywhere  on  the  prairie,  as  long  as  one  remembers  to 
open  and  close  the  numerous  cattle  gates.  Invariably, 
any  spot  picked  on  the  map  as  a  suitable  place  for  a 
set-up,  will  be  possible  to  reach  by  truck.  Power  lines 
are  about  the  only  source  of  trouble  on  the  prairie.  But, 
if  60  cycle  power  lines  are  found  on  reaching  the  chosen 
site,  another  site  can  always  be  found  within  a  mile  or 
so  which  will  be  suitable  and  free  of  power  lines.  Map 
reading  must  be  done  very  carefully  on  the  prairie,  or 
one  will  very  quickly  become  lost,  since  there  are 
almost  no  landmarks  (except  a  microwave  tower  and  the 
occasional  grain  elevator  of  a  small  village)  to  follow. 
Another  reason  for  choosing  Southern  Alberta  for  the 
work  is  that  Richards  and  Walker  carried  out  a  short 
refraction  profile  in  south-western  Alberta  parallel  to 
the  Rocky  Mountain  trench  in  1958*  and  this  work  is  very 
useful  to  compare  to  our  own.  This  work  has  already  been 
discussed,  and  will  be  referred,  to  again.  Thirdly,  the 
Suffield  experimental  station  agreed  to  cooperate  with  us 
fully  by  setting  off  the  charges  for  us.  It  was  thought 
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that  this  would  save  us  valuable  time  and  money.  Unfortun¬ 
ately,  it  did  neither.  This  was  certainly  not  the  fault 
of  the  Suffield  people,  however,  since  I  believe  that 
they  worked  very  hard  for  us,  in  fact,  harder  than  neces¬ 
sary,  and  we  are  deeply  indebted  to  them.  But,  it  is, 
difficult  for  large  organizations  such  as  the  University 
of  Alberta  and  the  Suffield  Experimental  Station  to  work 
together  efficiently.  Very  often,  when  we  were  ready  for 
a  shot,  Suffield  was  not  in  a  position  to  set  one  off  for 
us,  due  to  pressure  of  their  own  work.  Then,  when  they 
were  ready  to  set  off  a  charge  for  us,  we  were  often  not 
ready  for  them.  Also,  communication  between  officials  of 
Suffield  and  officials  of  the  University  was  not  always  the 
best,  and  a  number  of  unnecessary  trips  from  Edmonton  to 
Southern  Alberta  were  made.  In  future,  it  would  probably  - 
be  better  to  hire  a  Geophysical  Company  to  set  off  the 
shots  whenever  they  were  desired.  Another  reason  for 
choosing  Southern  Alberta  is  that  the  area  is  reasonably 
close  to  Edmonton,  the  location  of  the  University.  Calgaby 
is  only  a  three  hour  drive  from  Edmonton.  Thus,  if  field 
problems  occurred,  the  trucks  could  always  return  to 
Edmonton  to  avoid  unnecessary  hotel  bills  and  living 
expenses.  These  are  the  chief  reasons  that  Southern  Alberta 
was  chosen  for  the  work.  The  exact  location  of  the  seismic 
profile  is  shown  on  the  map  in  figure  24 . 


ALBERTA  •  SAS  KA  TCH^EWA  N 


100a 


sr 

OJ 

CD 

Li_ 


o 

o 
x  -r 


bJ 

_J 

C 

O 

c: 

CL 


O 

< 

cc 

Lu  CVJ 

UJ 

rr  O 


cr 

LJ 

a 


I- 

O 

co 


>- 

H 

-J 

3 

< 

•- 

cn 

H 

ZD 

2: 

cc 

o 

u 

u 

</) 

U_ 

5 

O 

cn 

CJ 

CO 

o 

l»J 

> 

o 

o 

cc 

— 

o 

X 

H 

o 

X 

2 

H 

o 

> 

H 

co 

</S 

X 

h- 

* 

CL 

UJ 

z 

O 

__L 

fO 

C\J 

101 


A  very  Important  part  of  the  field  operations 
was  the  setting-up  and  operation  of  the  very  high  frequency 
radio  link  from  Suf field  to  High  River.  This  was  discussed 
earlier  in  the  chapter  on  equipment.  The  radio  link,  of 
course,  enabled  us  to  communicate  directly  with  the  shot 
point  (Suf field),  and  enabled  us  to  put  the  exact  shot 
timing  on  our  records.  This  radio  link  consisted  of  two 
repeater  stations  (one  at  Rainier  and  one  north  of  Vulcan 
on  Buffalo  Kill)  and  the  mobile  units  for  each  truck 
(besides,  of  course,  all  of  Suf field’s  own  radio  equipment) 
The  setting-up  and  operation  of  this  link  cost  us  much 
valuable  time.  The  General  Electric  Company  was  on  con¬ 
tract  to  have  the  repeater  stations  operating  early  in  May. 
They  were  not  operating  until  mid- June.  The  fault  of  the 
delay,  however,  does  not  lie  entirely  with  General  Electric 
Several  unforeseen  events  occurred  to  hinder  the  progress, 
such  as  a  truck  strike  in  Ontario,  which  made  it  impossible 
to  get  towers  for  a  certain  period.  Even  after  the  link 
was  operating,  many  problems  occurred  throughout  the  summer 
Either  one  repeater  or  the  other  or  one  of  the  mobiles  was 
usually  malfunctioning.  The  service  from  General  Electric 
in  correlating  out  difficulties  was  extremely  good,  however, 
and  I  must  commend  them  for  that.  The  fact  that  all  the 
equipment  was  new  and  a  link  such  as  this  one  had  not  been 
set  up  before  caused  most  of  the  difficult,.  . 


Next  year. 


102 


the  same  repeater  stations  (but  not  the  same  locations) 
will  be  used  and  the  same  mobile  units  will  be  used. 

Since  most  of  the  "bugs"  have  been  worked  out  of  the  system, 
it  should  prove  very  efficient  next  year.  When  working 
properly,  the  system  is  one  of  the  best.  It  provides 
direct  communication  with  the  shot  point,  and  if  one 
runs  into  difficulty  at  the  recording  trucks,  he  can 
always  delay  the  shot.  Furthermore,  the  tone  break  provides 
the  shot  instant  time  on  the  records  to  an  accuracy  of 
about  1  to  2  milliseconds. 

All  of  the  shot  information  is  contained  in  the 
table  on  the  next  page.  This  table  includes  the  location, 
date,  time,  type,  size,  and  depth  of  each  shot,  and  the 
number  of  useful  seismic  records  obtained  from  the  shot. 
Diagrams  of  the  exact  locations  of  all  the  shots  and 
spreads  appear  in  the  Appendix  HI. 

The  next  section  will  deal  with  the  interpretation 
of  the  seismic  records  taken  in  Southern  Alberta  by  the 
University  of  Alberta. 


Seismic  Program,  Summer,  19 62 
University  of  Alberta 
List  of  Shots 
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CHAPTER  8 

INTERPRETATION  OF  THE  SEISMIC  RECORDS 


Distances : 

The  distances  from  each  shot  to  each  spread  were  determined  by- 
scaling  with  a  good  metre  rule  from  large  scale  maps.  The  scale  given 
on  the  maps  from  the  Department  of  Mines  and  Technical  Surveys  was 
1:250,  000,  This  scale  was  found  to  be  incorrect,  probably  due  to  map 
shrinkage.  The  distance  across  several  townships  on  each  map,  Gleichen 
and  Meoicine  Hat,  was  measured  in  centimetres  as  accurately  as  possible 
several  times  using  the  metre  rule.  This  distance  in  centimetres  was 
then  divided  into  the  actual  distance  in  kilometres,  calculated  by  knowing 
that  in  a.n  east- west  direction,  each  section  is  one  mile  plus  a  road  allow¬ 
ance  of  66  ft.  Using  this  method,  the  scale  factor  on  the  Gleichen  map 
was  found  to  be  1:251,  700  and  on  the  Medicine  Hat  map  sheet  to  be 
1:252,  300.  These  factors  would  no  doubt  be  different  if  a  different  metre 
stick  were  used  and/or  if  different  copies  of  the  same  map  were  used. 

Thus,  for  any  accuracy  at  all  in  scaling  map  distances,  the  scale  factors  must 
be  checked.  The  distances  from  each  shot  to  each  spread  are  given  in  the 
table  of  arrival  times  in  the  Appendix  II.  Two  of  these  scaled  distances 
were  checked  by  scaling  the  latitudes  and  longitudes  of  the  points  and  then 
using  the  distance  formula  given  in  section  G  of  chapter  three.  Each  of 
these  distances  agreed  with  the  scaled  distances  to  t  0.  30  kilometers. 

Thus,  the  error  in  the  distances  at  30  kms.  is  about  t  1%,  while  for 
greater  distances,  the  percentage  error  is  much  less. 

Times : 

After  each  record  was  dried,  and  usually  after  arrival  back  in  the 
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laboratory  at  Edmonton,  the  shot  instant  was  marked  on  the  record  in  ink. 
In  all  cases  where  the  tone  break  was  employed  (the  majority  of  records), 
the  shot  instant  was  merely  one  second  and  three  milliseconds  after  the 
beginning  of  the  tone  break.  In  other  cases,  (shots  from  the  west),  shot 
instants  were  known  in  absolute  time,  and  thus  were  easy  to  mark  on  the 
records,  since  absolute  time  had  also  been  recorded  on  them.  Following 
this,  the  next  heavy  timing  line  after  the  shot  instant  was  called  zero, 
and  the  appropriate  correction  time  to  shot  instant  was  marked  on  the 
record.  Then,  starting  at  the  zero  mark,  the  timing  in  seconds  was 
marked  along  the  entire  length  of  each  record.  Once  this  was  completed, 
the  time  for  any  event  on  any  trace  on  any  particular  record  could  be  very 
quickly  determined.  The  error  in  the  shot  instant  is  about  +  one  milli¬ 
second,  The  error  in  the  reading  of  the  time  for  any  particular  event 
depends  on  the  quality  of  that  event.  For  a  trace  of  average  quality, 
however,  and  a  record  taken  at  slow  speed  (2-1/2  in.  /sec.  ),  the  error 
in  reading  a  time  is  probably  about  1  2  milliseconds,  giving  an  overall 
error  in  the  time  of  t  3  milliseconds.  Even  at  very  small  times  such  as 
1  second,  this  represents  an  error  in  the  time  of  only  1  0.  3%.  But,  if 
the  step-out  time  across  the  record  is  only  0.20  seconds,  then  this  timing 
error  could  result  in  an  error  of  t  1 .  5%  in  the  apparent  velocity  of  an 
arrival.  -  These  percentage  errors  which  I  am  giving  do  not  represent  any 
sort  of  confidence  limits,  but  rather  represent  worst  possible  cases. 
Picking  of  Arrivals  and  Plotting  of  Them: 

The  picking  of  separate  energy  events  on  records  is  more  of  an 
art  than"  a  science.  It  depends  mostly  on  the  experience  and  intuition  of 
the  seismologists.  The  records  must  be  studied  again  and  again  in  order 
to  make  sure  that  all  the  separate  energy  events  have  been  picked,  and 
that  no  second  or  later  cycle  of  one  event  has  been  picked  as  a  separate 
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event.  Time-distance  tables  for  all  arrivals  correlated  on  each  record 
can  be  found  in  Appendix  II.  These  tables  ad  so  contain  the  apparent 
velocity  values  for  each  arrival.  These  apparent  velocity  values  were 
found  by  plotting  each  arrival  on  very  large  scale  time -distance  graphs. 
Figure  25  shows  one  of  these  graphs  for  the  first  few  arrivals  on  the 
record  taken  by  truck  two  for  shot  number  ten. 

Then,  all  of  these  arrivals  were  plotted  in  their  correct  places 
on  very  large  travel  time  graphs  (actual  size  4  ft.  by  4-1/2  ft.  ),  one 
graph  for  each  shot  point  (east  and  west).  These  arrivals  were  then 
correlated  on  these  graphs  from  spread  to  spread,  using  data  such  as 
energy,  frequency,  character,  etc.  ,  (as  given  in  section  F  of  Chapter  3), 
and  straight  lines  were  drawn  through  all  arrivals  believed  to  be  refractions 
from  the  same  horizon.  Each  particular  set  of  travel-time  lines  repre¬ 
sents  an  earth  model.  Once  an  earth  model  has  been  chosen,  calculations 
must  be  done  to  find  out  if  the  model  is  reasonable,  and  if  the  calculated 
critical  points  are  not  in  contradiction  to  the  appearance  of  strong  energy 
arrivals  on  the  graphs.  In  all,  more  than  twenty  earth  models  were 
tested,  before  a  preferred  model  was  chosen.  Since  none  of  the  models 
tested  indicated  very  much  dip  in  any  of  the  layers,  the  velocity  and 
intercept  values  were  averaged  from  both  graphs,  and  refraction  theory 
for  horizontal  layering  was  used  in  the  preliminary  testing  of  all  models. 
When  the  preferred  model  was  finally  chosen,  refraction  theory  for 
dipping  layers  was  applied  in  order  to  find  the  actual  depths  under  each 
shot-point,  and  the  dips  of  the  layers.  The  travel-time  graphs  for  the 
preferred  model  are  shown  in  figures  26  and  27.  Figure  26  is  the  travel 
time  graph  for  the  east  shot  point  and  figure  27  is  the  graph  for  the  west 
shot  point. 
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Summary  of  the  more  important  models,  and  reasons  for  rejection  of  them: 
Model  1: 

This  was  a  four-layer  case  (omitting  the  intermediate  layer).  The 
average  velocities  of  the  four  layers  were  3.  16,  5.  95,  6.  42,  and  8.  35 
kms.  /  sec.  respectively.  The  depth  to  the  Moho  was  found  to  be  44.  6  kms. 
This  model  was  rejected,  because  there  are  good  arrivals  from  an  inter¬ 
mediate  layer,  which  we  simply  cannot  ignore. 

Model  2: 

This  was  a  five-layer  case,  which  included  a  layer  of  velocity  7.  05 
kms.  /sec.  just  above  the  base  of  the  crust.  The  depth  to  this  intermediate 
layer  was  found  to  be  35.  8  kms.  For  this  model,  the  depth  to  the  Moho 
by  the  crossover  and  intercept  methods  did  not  agree.  The  crossover 
method  gave  a  depth  of  44.  7  kms.  ,  while  the  intercept  method  gave  47.  1 
kms.  This  model  was  rejected  on  the  basis  of  this  discrepancy.  The 
seismic  records  were  examined  again  for  both  shot  points  and  several 
errors  were  found  in  the  picking  of  events.  Several  events  had  been  picked 
on  a  second  cycle.  These  events  were  then  replotted,  and  a  new  model 
was  drawn  up. 

Model  3: 

This  was  also  a  five-layer  case,  with  the  average  velocities  of  the 
five  layers  as:  3.16,  5.88,  6.42,  7.  05,  and  8.  30  kms.  /  sec.  respectively. 
The  depth  to  the  intermediate  layer  was  found  to  be  36.  2  kms.  ,  and  the 
depth  to  the  Moho  was  found  to  be  46.  4  kms.  This  time,  the  crossover 
and  intercept  methods  did  agree.  Critical  points  for  both  the  intermediate 
layer  and  for  the  Moho  were  calculated,  and  it  was  found  that  they  did  not 
agree  with  the  first  appearance  of  strong  arrivals  for  these  layers.  The 
critical  distance  for  the  intermediate  layer  was  much  too  great,  plotting 
at  150  kms.  ,  while  strong  arrivals  began  at  about  120  kms.  This  model 


was  ruled  out  on  this  basis. 

The  concept  of  a  low  velocity  layer  above  the  intermediate  layer 
was  then  introduced  in  order  to  make  the  critical  points  agree  with  the 
actual  data.  Calculations  were  then  performed  for  various  thicknesses 
of  the  layer  with  velocity  6.  42  kms.  /sec.  The  thickness  of  this  layer 
must  be  assumed,  since  no  refraction  arrivals  are  possible  from  the  top 
of  the  low  velocity  layer.  The  velocity  of  this  low  velocity  layer  must 
also  be  assumed,  and  was  chosen  as  6.  0  km.  /sec.  This  is  a  more 
"normal"  velocity  for  the  top  of  the  Precambrian,  the  6.  4  km.  /sec. 
velocity-being  anomalous.  Thus,  it  was  thought  reasonable  to  assume 
that  a  layer  with  the  more  usual  lower  velocity  might  well  be  present 
under  the  higher- velocity  layer.  The  most  reasonable  model  of  this 
series  is  the  one  given  below. 

Model  4: 

This  was  a  6-layer  case,  with  the  average  velocities  of  the  six 
layers  as:  3.  16,  5.  88,  6.42,  6.  00,  7.05,  and  8.  30  km.  /sec.  respectively. 
The  thickness  of  the  layer  with  velocity  6.  42  km.  /sec.  was  assumed  to 
be  16.  50  kms.  The  depth  to  the  low  velocity  layer  was  found  to  be  20.  9 
km.  ;  the  depth  to  the  intermediate  layer  was  32.  3  kms.  ;  and  depth  to 
the  Moho  was  45.  3  kms.  Critical  distances  to  the  intermediate  layer  and 
to  the  Moho  were  calculated  to  be  119.  5  kms.  ,  and  112.6  kms,  ,  respect¬ 
ively.  Both  of  these  values  fit  the  graphs  reasonably  well.  Of  all  the 
models  tried  up  to  this  point,  this  model,  which  I  have  called  model  4 
here,  satisfied  the  data  the  best. 

Validity  of  the  assumption  of  a  low  velocity  layer: 

There  are  several  facts  which  support  the  assumption  of  a  low 
velocity  layer.  See  figure  28  for  a  plot  of  the  Bouguer  gravity  anomaly 
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against  distance  across  Southern  Alberta.  It  is  seen  that  there  is  a  more 
negative  Bouguer  anomaly  both  west  and  east  of  our  seismic  line.  In 
other  words,  between  our  two  shot  points,  the  Bouguer  anomaly  is  less 
negative  than  it  is  to  either  side  of  our  profile.  This  is  consistent  with 
what  we  have  assumed.  There  is  an  anomalous  high-velocity  layer 
(velocity  of  6.  4  kms.  /sec.  )  between  our  two  shot  points  over  the  layer 
with  the  more  normal  lower  velocity  of  around  6.  0  kms.  /sec.  The  differ¬ 
ence  in  Bouguer  anomaly,  however,  does  not  indicate  that  the  higher - 
velocity  layer  is  as  thick  as  we  have  assupied  it  to  be.  The  gravity  data 
indicates  a  maximum  thickness  of  around  2  kms.  This  thickness,  how¬ 
ever,  is  inconsistent  with  our  data,  and  there  must  be  some  other  unknown 
factors  influencing  the  gravity  results.  But,  at  least,  the  Bouguer  anomaly 
does  not  contradict  our  assumption.  In  further  support  of  the  anomalous 
higher -velocity  layer  overlying  the  lower  velocity  layer  between  our  shot 
points,  it  is  noted  that  arrivals  from  the  6.4  km.  /sec.  layer  are  clamped 
out  beyond  165  kms.  ,  for  a  shot  from  the  east.  This  is  again  consistent 
with  this  layer  pinching  oujt  beyond  the  west  shot  point.  Furthermore, 
Ricliards  and  Walker  did  not  record  arrivals  from  a  layer  with  velocity 
6.4  kms.  /sec.  The  velocity  they  found  was  6.  1  kms.  /sec. 

Bott,  in  a  paper  in  1961,  suggests  that  because  of  negative  Bouguer 
anomalies  over  granites the  upper  part  of  the  upper  crustal  layer  may 
well  be  more  basic  than  the  lower  part. 

Thus,  the  concept  of  a  higher  velocity  layer  overlying  material  of 
a  lower  velocity  between  our  shot  points  is  very  reasonable,  and  has  much 
support. 

Model  5: 

As  stated  before,  model  4  was  the  best  fit  to  our  data  up  to  this 


110 


point.  Then,  the  records  were  re-examined,  and  it  was  decided  that 
where  control  exists,  the  reciprocal  times  must  agree.  Reversed  control 
exists  for  both  intermediate  and  Moho  arrivals.  In  order  to  make  the 
reciprocal  times  agree,  the  correlation  on  the  graph  for  the  west  shot  point 
had  to  be  changed.  For  model  4,  arrival  3  on  the  records  taken  by  trucks 
1  and  2,  shot  2,  was  considered  to  be  tne  Moho  refraction  arrival,  while 
arrival  number  4  was  considered  to  be  from  the  intermediate  layer.  In 
order  to  make  the  reciprocal  times  agree,  however,  arrival  3  must  be  tnat 
from  the  intermediate  layer  while  arrival  4  must  be  that  from  the  Moho. 
Tliis  change  increases  the  velocity  of  the  intermediate  layer  and  decreases 
that  of  the  material  below  the  crust.  The  character  of  these  tw'o  arrivals 
is  very  little  different  in  this  record,  except  that  number  3  is  slightly 
stronger.  On  the  record  taken  by  truck  2  for  shot  11,  which  is  tne  reverse 
record,  the  Moho  arrival  is  the  strongest.  This  would  tend  to  support  the 
previous  correlation.  But,  there  seems  to  be  no  valid  reason  for  doubting 
the  reciprocal  times.  The  distances  and  times  for  both  records  have  been 
checked  and  rechecked,  and  were  found  to  be  correct.  But,  it  suould  be 
recalled  tnat  shot  11  was  a  surface  burst,  whereas  shot  2  was  a  distributed 
buried  charge.  Tnis  fact  could  account  for  the  difference  in  character  of 
the  two  records.  For  great  accuracy  in  checking  the  reciprocal  times, 
even  the  relative  elevations  of  shot  point  and  detectors  and  Me  depth  of 
burial  of  shot  2  were  considered.  If  reciprocal  times  have  any  meaning, 
the  new  correlation  must  be  the  correct  one. 

Besides  this  change  in  correlation  on  the  graph  for  the  west  shot 
point,  wliich  remain s  the  same  in  all  subsequent  models,  some  changes 
were  made  on  the  east  travel-time  graph  as  well  for  this  model  (#5).  An 
earlier  arrival  on  the  record  taken  by  truck  2  for  shot  10  was  considered 
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as  a  possible  Moho  arrival  for  this  model. 

This  model  was  the  5-layer  case,  with  no  low  velocity  layer.  The 
velocities  of  the  layers  were:  3.  16,  5.  88,  6.  42,  7.  15,  and  7.  96  km. /sec. 
respectively.  The  depth  to  the  intermediate  layer  was  found  to  be  35.  6 
kms.  ,  and  the  depth  to  the  Moho  was  45.  6  kms.  It  may  be  noted  here 
that  the  depth  to  the  Moho  has  not  varied  very  much  in  any  of  these  models. 
For  this  model,  the  critical  point  for  the  Moho  was  calculated  to  be  133.  5 
kms.  ,  while  the  critical  distance  for  the  intermediate  layer  was  founc  to 
be  137.  6  kms.  Both  of  these  values  are  much  too  great  to  be  consistent 
with  the  data  on  the  field  records.  Thus,  the  low  velocity  layer  was  again 
introduced,  and  several  thicknesses  of  the  6.  4  kms.  /sec.  layer  were 
tried.  No  matter  how  much  low  velocity  material  was  introduced,  the 
Moho  critical  point  could  not  be  made  low  enough  to  agree  with  the  strong 
arrivals  on  the  record  taken  by  Juliet  2.  On  the  other  hand,  the  critical 
point  for  the  intermediate  layer  becomes  rapidly  too  low.  Thus,  this 
model  was  rejected  as  being  unsatisfactory.  The  changes  which  were  made 
on  the  eastern  travel-time  graph  were  really  not  very  convincing  in  any 
case.  They  were  made  more  or  less  to  convince  ourselves  that  they 
were  incorrect,  and  that  the  previous  correlation  was  more  correct. 

The  new  correlation  on  the  western  graph  must  remain,  however,  if 
reciprocal  times  are  to  be  believed. 

Model  6: 

At  this  point,  all  of  the  records  for  both  shot  points  were  re¬ 
examined  to  make  sure  that  the  beginning  of  each  separate  arrival  was 
picked,  and  that  no  late  cycles  were  mistakenly  used.  Then,  the  character 
of  the  arrivals,  the  strength  of  arrivals,  the  reciprocal  times,  and  other 
features  (given  in  the  section  on  theory)  were  all  re-examined  to  obtain 
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the  most  convincing  correlation  of  arrivals  from  spread  to  spread  on  both 
travel-time  graphs.  The  best  straight  lines  through  these  arrivals  were 
then  drawn  by  eye  (least  square  solution  was  done  later).  The  velocity 
of  the  low  velocity  layer  was  assumed  to  be  6.  1  kms.  /  sec.  ,  rather  than 
the  6.  0  kms.  /sec.  which  had  been  assumed  before.  This  change  makes 
very  little  difference,  but  the  new  velocity  agrees  more  with  that  found 
by  Richards  and  Walker.  That  is  about  the  only  reason  for  changing  it. 
Calculations  for  model  6  were  performed,  however,  without  including  the 
low  velocity  layer.  The  velocities  of  the  layers  were:  3.  18,  5.  88,  6.  41, 

7.  32,  and  8.  26  kms.  /sec.  ,  respectively.  The  depth  to  the  intermediate 
layer  was  found  to  be  35.  6  kms.  ,  and  the  depth  to  the  Moho  was  calculated 
to  be  48.  0  kms.  The  critical  point  for  the  Moho  was  129.  9  kms.  ,  and  the 
critical  point  for  the  intermediate  layer  was  122.  7  kms.  Both  of  these 
critical  distances  are  too  great.  Furthermore,  other  information  as 
stated  before  supports  the  existence  of  a  low  velocity  layer  under  the 
anomalous  higher  velocity  material.  Thus,  this  model  was  rejected.  Then, 
various  thicknesses  of  the  6.  4  km.  /sec.  layer  were  tried,  and  a  value 
of  20.  00  kms.  seemed  most  satisfactory.  With  this  thickness,  the  critical 
point  for  the  intermediate  layer  was  found  to  satisfy  the  data  on  both  graphs. 
The  critical  distance  for  the  Moho  satisfied  the  eastern  graph,  but  plotted 
after  the  very  strong  arrival  of  Juliet  2  on  the  western  travel-time  graph. 
But,  no  matter  how  thin  the  higher  velocity  material  is  made,  the  Moho 
critical  point  cannot  be  made  to  agree.  The  reason  for  this  is  not  clear. 
Perhaps  there  is  a  thin  layer  above  the  Moho  with  a  velocity  less  than 
7.32  km.  /sec.  Or,  perhaps  the  velocity  in  the  intermediate  layer  decreases 
gradually  from  7.  32  km.  /sec.  to  a  lower  value.  Both  of  these  factors 
would  tend  to  reduce  the  critical  distance  for  the  Moho. 
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Preferred  Crustal  Model: 

At  this  point,  all  of  the  records  were  re-examined,  and  correla¬ 
tion  from  spread  to  spread  was  rechecked.  A  reduced  travel-time  plot 
made  by  Dr.  G.  L.  Cumming  of  the  University  of  Alberta  was  also 
studied.  No  reason  could  be  found  to  reject  the  earth  model  number  6, 
with  a  low  velocity  layer  included.  The  field  data  indicates  that  this  is 
the  only  model  to  use.  An  amplitude  plot  made  by  Dr.  G.  D.  Garland 
of  the  University  of  Alberta,  and  shown  in  figure  29,  was  also  considered, 
and  shows  that  there  definitely  is  a  maximum  in  the  amplitude  of  the 
Moho  reflection  curve  near  the  critical  point.  This  reflection  curve  will 
be  discussed  later.  There  is  only  one  discrepancy  in  this  model,  and 
that  is,  that  the  calculated  critical  point  for  the  Moho  does  not  agree  with 
the  presence  of  strong  energy  on  the  graph  for  the  west  shot  point.  But, 
there  seems  to  be  no  other  convincing  way  to  correlate  the  arrivals. 

Thus,  model  6  with  a  low  velocity  layer  included  was  chosen  as  the  final 
model. 

A  least  square  fit  was  then  carried  out  for  each  refraction  line; 
the  limestone,  the  Precambrian,  the  intermediate  layer,  and  the  Mohoro- 
vicic  discontinuity,  for  both  graphs.  These  least  square  fitted  lines  are 
the  ones  shown  on  our  final  travel-time  graphs  included  in  this  thesis, 
figures  26  and  27.  It  is  seen  at  once  that  the  reciprocal  times  for  the 
arrival  from  the  top  of  the  Precambrian  (6.  4  kms.  /sec.  )  just  do  not  agree. 
But  it  must  be  remembered  that  there  is  no  control  for  this  arrival  at  the 
reciprocal  distance.  The  arrival  is  damped  out  before  that  time.  Thus, 
there  is  really  nothing  which  can  be  done  about  this,  until  more  data  are 
taken  next  year. 

The  equations  of  the  least  square  lines  are  given  below  (they  are 


Amplitude  ratio 
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also  given  on 

the  travel-time  graphs). 
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An  important  point  can  be  seen  from  this  immediately.  The  lime¬ 
stone  appears  to  dip  west,  while  the  other  layers  seem  to  dip  east,  but 
only  very  slightly.  For  the  Precambrian  arrival,  the  intercept  times  do 
not  agree  with  the  apparent  velocities.  The  velocities  indicate  a  dip  east, 
whereas  the  intercept  lines  indicate  no  dip,  in  fact,  or  an  extremely  small 
dip  west.  It  must  be  remembered  that  this  is  the  arrival  with  no  reciprocal 
time  control.  I  believe  that  this  stresses  the  importance  of  good  reciprocal 
time  control.  It  should  also  be  noted  that  in  the  calculations  for  all  the 
models  so  far,  the  depths  to  the  limestone  and  Precambrian  layers  were 
greater  than  those  found  on  the  cross-section  in  figure  22.  The  reason 
for  this  is  not  clear.  But,  it  appears  that  there  is  something  wrong  with 
the  Precambrian  arrivals,  since,  as  stated  before,  the  velocities,  inter¬ 
cepts,  and  reciprocal  times  for  the  Precambrian  are  not  consistent  with 
each  other.  TMs  arrival  is  always  very  weak,  and  perhaps  some  or  all 
of  the  refracted  events  from  this  layer  have  been  unknowingly  picked  on  a 
second  or  third  cycle,  the  first  cycle  not  being  visible.  There  may  also 
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be  some  low  velocity  layers  in  the  sedimentary  section  (in  fact,  the  well 
logs  do  show  some  such  very  thin  layers),  which  would  cause  the  calcu¬ 
lated  depth  to  be  greater  when  they  are  not  considered.  Furthermore, 
the  cross-section  was  prepared  from  well  data  taken  to  the  south  of  our 
line,  and  the  layers  may  well  be  slightly  deeper  along  our  seismic  line. 
Another  consideration  is  that  the  arrivals  which  we  have  correlated  on 
our  graphs  may  not  be  the  Mississippian  or  top  of  the  Precambrian 
arrivals  as  shown  on  the  cross-section.  Perhaps  the  arrival  which  we 
are  calling  the  Mississippian  is  really  the  Devonian,  and  perhaps  the 
arrival  we  are  calling  the  top  df  the  Precambrian  (as  shown  on  the  cross- 
section)  is  really  an  arrival  from  a  more  distinct  horizon  slightly  deeper. 
The  theoretical  Mississippian  arrivals  are  shown  on  the  travel-time 
graphs.  They  do  not  agree  with  the  field  arrivals.  It  is  possible  that 
the  base  of  the  sedimentary  section  and  the  top  of  the  Precambrian  con¬ 
tain  material  of  about  the  same  velocity,  6.  0  km.  /  sec.  ,  followed  by  a 
more  abrupt  velocity  change  to  6.  4  km.  / sec.  ,  followed  again  by  material 
of  the  lower  velocity,  6.  0  or  6.  1  kms.  /  sec.  But,  we  cannot  determine 
the  true  facts  from  the  data  which  we  have  at  the  present  time. 

We  cannot  ignore  completely  the  data  for  the  sedimentary  section 
on  our  travel-time  graphs,  nor  can  we  ignore  the  cross-sectional  data. 
Thus,  we  combined  both  sets  of  data  to  give  a  most  reasonable  picture 
of  the  sedimentary  section,  roughly  satisfying  both  our  graphs  and  the 
well  data.  Furthermore,  in  calculations  it  is  necessary  to  assume  a 
single  average  velocity  for  the  uppermost  layer,  that  average  velocity 
being  3.  18  kms.  /sec. 

The  travel-time  graphs  indicate  a  dip  west  for  the  limestone  layer. 
From  the  cross-section,  the  maximum  allowable  dip  west  for  this  layer 
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(which  also  considers  the  greater  elevation  of  the  west  shot  point  than 
the  east)  is  8  minutes.  This  was  the  dip  value  used  in  further  calcula¬ 
tions.  The  travel-time  graphs  indicate  a  dip  east  for  the  top  of  the 
Precambrian,  indicated  by  the  velocities,  and  no  dip  indicated  by 
intercept  times.  The  cross-section  indicates  that  a  slight  dip  east  is 
possible  since  the  axis  of  the  Sweetgrass  /)rch  is  between  the  shot  points, 
and  the  portion  of  this  layer  directly  under  the  west-shot  point  which 
dips  west  is  not  sampled  by  the  seismic  waves.  The  maximum  allowable 
dip  east  by  the  cross-section  is  about  6  minutes.  This  was  the  dip  used 
in  further  calculations.  It  may  be  noted  here  that  theory  now  gives  a 
much  smaller  thickness  of  the  Precambrian  under  the  west  shot  point 
than  that  shown  on  the  cross-section,  since  theory  assumes  that  the  dip 
east  carries  on  under  this  point.  Now,  the  thicknesses  as  calculated  by 
theory,  assuming  the  above  dips  and  using  the  travel-time  information 
were  averaged  with  the  thicknesses  as  measured  on  the  cross-section 
(but  assuming  that  the  6  minute  dip  east  of  the  precambrian  carries  on 
under  the  west  shot  point).  Thus,  thicknesses  and  dips  for  the  sediment¬ 
ary  section  were  found  which  do  not  violently  disagree  with  either  the 
information  on  the  travel-time  graphs,  or  that  on  the  cross-section,  it 
will  be  shown  that  this  change  does  not  affect  the  depth  to  the  Moho.  It 
merely  makes  the  thicknesses  in  the  sedimentary  section  more  reason¬ 
able. 

Refraction  theory  for  dipping  layers  was  then  applied  to  the  data, 
using  a  thickness  of  the  6.  4  kms.  / sec.  layer  of  20.  00  kms.  It  will  be 
recalled  that  this  proved  to  be  the  most  reasonable  thickness  in  the 
preliminary  calculations.  One  more  assumption  had  to  be  made,  and  that 
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was  the  dip  of  the  top  of  this  low  velocity  layer.  It  was  assumed  that  it 
dipped  6  minutes  east,  the  same  as  the  top  of  the  6.  4  km.  /  sec.  layer. 
The  dips  are  so  small  that  they  really  make  very  little  difference  in  any 
case. 

Final  calculations  on  preferred  crustal  model: 

The  final  calculations  yielded  the  following  information: 

WEST  Dips  and  Velocities  EAST 


vertical  thicknesses 

vertical  thicknesses 

hi  =  1 .  70  kms. 

^1=8' 

w. 

hi  =  1.17  kms. 

h2  =  0.  82 

E. 

h2  =  1.  70 

h3  =  20.  00 

*<3  =  6' 

E. 

h3  =  20.  00 

u 

» — • 

o 

• 

ui 

u> 

-<4  =  34 

f  E. 

h4  =  12.  36 

h5  =  13.  69 

^5  =  29 

1  E. 

h5  =  12.  93 

Depths  under  shot  point  W. 

Depths  under  shot  point  £. 

to  limestone  =  1.  70  kms. 

to  limestone  .  =1.  17.  km: 

to  Precambrian  =  2.  52 

to  Precambrian  =  2.  87 

to  low  velocity 

layer  =  22.  52 

to  low  velocity 

layer  =  22.  87 

to  intermediate 

layer  =  33.  05 

to  intermediate 

layer  =  35.  23 

to  Moho  =  46.  74 

to  Moho  =  48.  1  6 

True 

velocities 

in  the  laye 

rs 

=  3.  18  kms.  /sec. 

V4  =  6.  10  kms.  /sec. 

V2  =  5.  88 

V5  »  7.  32 

V3  =  6.  40 

V6  =  3. 25  . 
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Critical  distance  for  intermediate  layer  for  a  west  shot  is:  109.8  kms. 
Critical  distance  for  Moho  for  west  shot  is:  128.  8  kms. 

Critical  distance  for  intermediate  layer  for  an  east  shot  is:  113.  9  kms. 
Critical  distance  for  Moho  for  an  east  shot  is:  128.  9  kms. 

Below  is  a  comparison  of  the  thicknesses  and  depths  averaged 
between  the  shot  points  from  the  last  table,  and  the  thicknesses  and  depths 
as  calculated  in  the  preliminary  testing  of  the  model  when  dips  were  not 
considered,  and  no  corrections  had  been  on  the  thickness  of  the  sedi¬ 
mentary  section. 


Averages  between 

shot  points 

Averages  from 

from  last  table 

preliminary  testing 

thicknesses 

thicknes  ses 

hj  =  1.  44  kms. 

h|  =  1.  64  kms. 

h2  =  1.  26 

h2  =  2. 25 

h3  =  20.  00 

h3  =  20.  00 

h4  =  11.  45 

h4  =  9.  76 

h5  =  13.  31 

h5  =  13.  56 

Depths 

Depths 

to  limestone 

=  1 . 44  kms. 

to  limestone  =  1 .  64  kms. 

to  Precambrian 

=  2.  70 

to  Precambrian  =  3.  89 

to  low  velocity 
layer 

=  22. 70 

to  low  velocity 

layer  =  23.  89 

to  intermediate 
layer 

=  34.  15 

to  intermediate 

layer  =  33.  65 

to  Moho 

=  47.  46 

to  Moho  =  47.  2 1 

Thus,  it  can  be  seen  that  the  consideration  of  the  small  dips  and 
the  corrections  to  the  upper  layers  have  almost  no  effect  on  the  average 
depths  to  the  intermediate  layer  and  the  Moho. 

The  list  of  all  the  incident  and  refracted  angles  at  each  layer  for 
each  shot  point  will  not  be  included  here.  Figure  30  is  a  scale  diagram 
of  the  cross-section  down  to  the  mdnf/e  in  Southern  Alberta  as  given  by 
our  preferred  model.  The  critical  rays  for  the  intermediate  layer  and 
for  the  Moho  are  shown,  indicating  the  amount  of  reversed  coverage  we 
have  for  each  layer.  We  have  80  kms.  of  reverse  coverage  on  the  inter¬ 
mediate  layer,  and  63  kms.  of  reverse  coverage  on  the  Moho.  Thus,  even 
though  the  dips  which  we  find  for  these  layers  are  east  dips,  we  cannot  say 
that  our  data  proves  that  these  layers  dip  away  from  the  mountains.  Just 
west  of  the  sections  which  have  reverse  coverage,  these  horizons  may 
begin  a  gentle  dip  toward  the  mountains.  This  dip  may  well  become  greater 
and  greater  as  the  mountains  are  approached.  More  work  is  necessary  in 
the  area,  west  of  our  profile,  to  determine  whether  the  crust  is  thicker 
or  thinner  under  the  mountains,  than  it  is  along  our  profile. 

Apparent  velocity  data: 

It  can  be  seen  from  our  travel-time  graphs  or  from  the  tables  of 
arrival  times  in  Appendix  two  that  the  apparent  velocities  are  often  too 
high  for  the  line-up  of  arrivals  with  which  they  have  been  correlated. 

But  this  is  not  always  true,  as  some  of  the  apparent  velocity  values  are 
too  low.  It  will  be  remembered  that  Steinhart  and  Meyer  found  the  same 
situation  in  Montana.  In  our  case,  if  all  the  apparent  velocity  values  for 
any  one  arrival  (on  both  graphs)  are  averaged,  this  average  apparent 
velocity  is  very  close  to  that  found  from  the  slope  of  the  travel-time  line. 
The  results  are  given  below: 


Preferred  Model 
v.  in  km. /sec. 
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Layer 

Average  App.  Vel. 

True  velocity  in  the  1 

Limestone 

7.oo 

5.  88  kms.  / sec. 

Precambrian 

6.43 

6.  40 

Intermediate  Layer 

76  2 

7.  32 

Mo  ho 

?. 

8.  25 

Thus,  the  apparent  velocity  for  the  limestone  layer  is  the  only  one 
that  is  appreciably  different  from  the  group  velocity.  Possibly  dispersion 
effects  are  causing  the  difference  in  this  layer.  The  thickness  of  the  layer 
is  comparable  to  the  wave  length  of  the  waves  being  recorded.  Thus,  the 
energy  may  be  travelling  through  this  layer  as  some  dispersive  type  of 
wave,  whose  phase  velocity  is  being  influenced  by  the  layer  below. 

Support  for  the  preferred  model  from  reflection  data: 

Arrivals  which  appear  to  be  reflections  from  the  Mohorovicic  dis¬ 
continuity  were  correlated  on  the  travel-time  graph  for  the  east  shot 
point,  and  the  reflection  locus  is  shown  on  this  graph.  As  stated  in  the 
theory  chapter,  the  method  of  plotting  T  vs.  X  was  used  in  the  interpre¬ 
tation  of  reflections.  Arrivals  were  correlated  on  both  graphs  which 
appear  to  be  reflections  from  the  intermediate  layer.  These  curves  are 
shown  on  the  graphs.  Finally,  on  the  eastern  graph  a  curve  is  drawn 
through  three  strong  arrivals  with  similar  character,  and  this  curve  is 
considered  as  a  possible  reflection  from  the  top  of  the  low  velocity  layer. 
Calculations  were  performed  on  all  these  reflection  curves,  and  depths 
to  the  layers  are  shown  below,  compared  to  the  average  depths  found  by 


the  refracted  arrivals. 
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Depths  by  reflection 


Depths  by  refraction 


to  Low  velocity  layer  =  23.  2  kms.  to  Low  velocity  layer  =  22.  70  kms. 


to  Intermediate  layer  =  34.  2 


to  Intermediate  layer  =  34.  15 


to  Moho 


=  48.  9 


to  Moho 


=  47.  46 


Thus,  it  is  seen  that  the  reflection  data  supports  the  refraction 
data  very  well,  giving  depths  slightly  greater  than  that  given  by  the 
refraction  technique.  It  has  been  shown  earlier  that  the  method  of  calcula¬ 
tion  used  on  the  reflection  data  will  tend  to  give  greater  depths  than  the 
true  depths.  Thus,  the  reflection  data  from  our  records  is  considered  to 
be  very  good  indeed.  Even  the  low  velocity  layer,  which  we  have  assumed, 
is  supported  by  the  reflection  data. 

Portions  of  field  records: 

Five  examples  of  the  actual  field  records  have  been  included  in  this 
thesis.  Figure  31  is  a  portion  of  the  field  record  taken  by  Juliet  2,  for  a 
shot  from  the  west.  It  shows  the  strong  arrivals  which  have  been  attributed 
to  the  Intermediate  layer  and  to  the  Moho.  Figure  32  is  a  section  of  the 
record  taken  by  truck  #2  for  shot  #10.  It  shows  the  strong  arrivals  which 
have  been  attributed  to  the  intermediate  layer  and  to  the  Moho  respectively 
for  this  spread.  This  record,  being  from  a  distributed  charge,  may  be 
compared  with  the  record  taken  by  the  same  truck  for  shot  #11,  which 
was  a  5-ton  surface  burst.  A  portion  of  this  latter  record,  showing  the 
very  strong  Moho  arrival,  is  reproduced  as  figure  33.  It  is  immediately 
seen  that  there  are  a  great  many  more  apparent  line-up  of  phases  on  the 
record  from  the  distributed  charge,  that  is,  the  800  pound  shot,  aistx*ibuteo 
in  five  holes  50  ft.  apart.  The  reason  for  this  difference  is  not  known. 
Perhaps  interference  between  the  distributed  portions  of  the  charge  and/or 
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different  filtering  action  of  the  ground  are  responsible  for  the  difference. 
Both  of  these  records  may  be  compared  with  the  record  taken  by  truck 
#1  for  shot  #15,  which  was  a  non-distributed  buried  charge.  This  record 
is  shown  in  figure  34.  (Note  that  this  record  was  recorded  on  medium 
speed.  Several  dead  traces  are  apparent,  due  to  a  faulty  cable).  This 
record  is  similar  in  appearance  to  the  one  recorded  from  the  surface 
burst.  Thus,  for  some  reason,  the  distributed  charge  tends  to  produce 
a  record  with  a  very  large  number  of  line-ups.  The  energy  seems  to  be 
attenuated  very  little  for  a  considerable  length  of  record.  On  the  other 
hand,  a  non-distributed  charge  or  a  surface  burst  tends  to  produce  a 
record  with  very  few  line-ups,  but  with  strong  clear  arrivals  from  the 
discontinuities.  The  energy  is  damped  out  much  more  quickly  along  the 
length  of  a  record,  (i.  e.  arrivals  do  not  persist  at  any  one  point  for  as 
long  a  time).  Some  interesting  work  could  be  done  to  determine  the  cause 
of  this  difference.  Certainly  the  records  from  a  non-distributed  charge 
or  a  surface  charge  are  much  easier  to  interpret,  as  far  as  isolating 
waves  from  discontinuities  is  concerned.  A  further  point  may  be  made 
concerning  charge  types.  It  was  determined  from  a  study  of  amplitude 
ratios  (shown  in  figure  29  a3  plotted  by  Dr.  Garland)  that  a  20  ton  surface 
shot  is  approximately  equivalent  to  a  1000  lb.  buried  charge,  with  regard 
to  delivering  energy  to  the  ground.  Thus,  coupling  to  the  ground  for  a 
surface  burst  is  very  poor. 

The  possibility  of  other  refracted  phases  on  the  records,  besides 
P  phases  was  considered.  Rough  travel-time  calculations  were  made  for 
phases  such  as  PSP  for  the  Moho  (that  is,  a  shear  wave  along  the  boundary 
and  a  P  wave  the  rest  of  the  distance),  PPS  and  SPP  for  the  Moho.  '>oine 
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iate  arrivals  on  Shot  #10,  truck  #2  cio  fail  on  the  calculated,  lines  for 
some  of  tries e  phases,  but  the  apparent  spreao  velocities  were  incorrect 
by  a  large  amount.  Similar  phases  were  considered  for  other  layers, 
with  no  success.  However,  one  very  late  arrival  on  the  record  taken 
by  truck  #2  for  3hot  #10  appears  to  be  an  5-wave  refracted  from  the 
J  re  Cambrian  (that  is,  .3  down,  along  the  boundary,  and  back  again). 

The  apparent  spread  velocity  is  also  consistent  with  this  phase.  Figure 
35  shows  this  arrival.  If  two  horizontal  seismometers  (such  as  tw'o 
Willmores)  had  been  used  on  each  field  record  taken,  it  may  have  been 
possible  to  see  more  S  arrivals. 

One  further  point  may  be  statec  here.  It  seems  that  the  mean. 
frequency-of  all  our  arrivals  is  about  7  c.  p.  s.  Thus,  it  appears  that 
geophones  with  a  resonant  frequency  of  around  7  c.  p.  s.  would  give  as 
good  a  result  as  our  bulkier  2  c.  p.  s.  phones. 

Air -couple a  waves: 

No  interpretation  has  been  done  yet  on  the  air-coupled  waves  which 
we  find  on  our  records.  Otner  people  are  presently  working  on  the  data. 

I  merely  wi9h  to  say  that  we  did  observe  air-coupled  Rayleigh  wavers  on 
our  records,  when  the  energy  source  was  a  surface  charge.  For  ail 
surface  charges,  6  of  the  geophones  were  replaced  by  6  pressure  phones, 
ana  the  records  were  allowed  to  run  for  very  long  period  s  of  time  (up 
to  14  minutes)  in  offer  to  pick  up  the  sound}  wave.  Erhard  Reinelt  is 
using  these  sound  wave  arrivals  for  his  work  on  the  upper  atmosphere. 

It  so  happens  that  each  sound  arrival  was  accompanied  by  a  ground  wave 
which  was  recorded  on  the  6  geophones.  An  example  of  this  air-coupled 
wave  is  shown  in  figure  3d.  This  is  a  portion  of  the  record  taken  by 
truck  #1  for  Shot  #11.  The  ground  wave  has  the  same  apparent  velocity 
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as  the  air  wave  (velocity  of  sound  in  air)  and  has  greater  amplitude  on 
the  records.  The  frequency  is  approximately  constant  as  expected  from 
theory.  For  the  record  included,  the  frequency  is  about  3-1/2  c.  p.  s. 
Thus,  this  is  the  frequency  for  which  the  phase  velocity  of  the  Rayleigh 
wave  is  the  same  as  that  of  sound  in  air. 

No  more  will  be  said  here  about  air-coupled  waves.  It  seems  that 
if  records  are  allowed  to  run  long  enough,  an  air-coupled  ground  wave 
will  be  observed  from  a  surface  charge. 
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CHAPTER  9 

CONCLUSIONS  AND  SUGGESTIONS  FOR  FUTURE  WORK 

The  seismic  work  carried  out  by  the  University  of  Alberta  which 
has  been  analyzed  in  this  thesis  certainly  yielded  much  useful  informa¬ 
tion,  but  left  many  problems  still  to  be  solved.  Because  fewer  records 
were  taken  from  the  west  shot  point,  the  statistical  error  in  the  slopes 
and  intercepts  on  this  graph  are  much  greater.  For  the  refracted 
arrival  from  the  Mohorovicic  discontinuity  on  this  graph,  the  error  in 
the  slope  is  about  I  6  per  cent,  while  the  error  in  the  intercept  is  about 
t  i  second  (for  90%  confidence  limits).  For  the  refraction  line  from 
the  Moho  on  the  east  travel-time  graph,  the  error  in  the  /nfercepHs  only 
about  t  0.  23  seconds  (for  90%  confidence  limits).  Thus,  the  error  in 
depth  to  the  Moho  for  information  from  the  west  hravel-time  graph  is 
much  greater  than  that  from  the  east,  simply  because  of  a  lack  of 
sufficient  number  of  points.  The  actual  error  is  probably  not  as  great 
as  it  seems  from  the  statistical  calculation,  since  the  points  are  good, 
although  there  are  few  of  them.  Recalling  the  last  chapter,  it  will  be 
remembered  that  the  average  depth  to  the  Moho  derived  from  the  pre¬ 
ferred  model  was  47.  5  kms.  It  will  also  be  recalled  that  all  models 
tried  gave  a  depth  to  the  Moho  of  over  44.  5  krns.  and  under  4  .  9  kms. 
Thus,  it  seems  that  the  maximum  limits  of  error  in  the  depth  to  t  ie 
Moho  as  determined  from  our  field  work  would  be  1  3  kms.  These 
would  be  also  valid  maximum  limits  of  error  in  the  depth  to  the  inter¬ 
mediate  layer,  if  the  results  are  recalled.  These  errors  are  not 
statistical  errors,  but  represent  the  limits  of  error  which  cover  the 
depths  as  determined  by  all  models  tried.  For  this  reason,  I  believe 
these  errors  have  some  meaning. 
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Conclusions: 

(1)  The  average  depth  to  the  Mohorovicic  discontinuity  in  southern 
Alberta  between  Vulcan  and  Suffield  is  47.  5*3  kms.  ,  with  a  small 
dip  to  the  east.  The  velocity  in  the  upper  mantle  is  8.  25  kms.  /  sec. 

The  boundary  seems  to  be  a  sharp  one,  as  strong,  clear  arrivals  were 
observed.  No  vertical  reflections  were  seen,  however.  No  definite 
statement  can  be  made  as  to  whether  the  discontinuity  dips  under  the 
mountains  or  not,  as  data  has  not  been  taken  for  eiiough  west  as  yet. 
Richards  and  Walker  found  a  shallower  depth  which  supports  our  eastern 
dip,  but  they  found  a  dip  west.  Thus,  the  Moho  may  well  continue  to 

dip  east  until  a  distance  from  the  mountains  of  that  of  Richards'  and 
Walker's  profile,  and  then  begin  to  dip  west.  More  data  are.  ne  ce  ss  ary 
to  determine  whether  this  is  true  or  not. 

(2)  The  existence  of  an  intermediate  layer  in  Southern  Alberta  was 
definitely  shown.  The  average  depth  to  this  layer  between  Vulcan  and 
Suffield  is  34.  2  1  3  kms.  The  velocity  at  the  top  of  the  intermediate 
layer  is  7.  32  kms.  /  sec.  The  dip  of  the  interface  is  about  1/2  degree 

to  the  east.  This  discontinuity  also  seems  to  be  a  sharp  one,  as  several 
strong,  clear  arrivals  were  observed  from  it.  No  vertical  reflections 
were  seen,  however.  Richards  and  Walker  also  notec  this  discontinuity 
farther  west  at  a  depth  of  29  kms.  (reinterpreted  as  26  kms.  ),  still 
with  a  slight  dip  to  the  east  (actually  south-east).  The  shallower  depth 
and  the  dip  both  support  our  data.  Thus,  the  intermediate  layer  is 
thinner  over  The  Sweetgrass  ^rch  (our  profile)  than  it  is  farther  west. 
More  data  will  need  to  be  taken  closer  to  the  mountains  to  determine  ii 
this  discontinuity  continues  to  clip  away  from  the  mountains  or  not. 


127 


(3)  There  is  an  anomalous  high  velocity  layer  (6.  4  kins.  /sec.  )  below 
the  sedimentary  section  between  Vulcan  and  Suffield.  This  layer  over- 
lies  the  more  normal  lower  velocity  material. 

(4)  The  location  map  in  figure  24  shows  the  locations  of  other  crustal 
thickness  determinations  relative  to  our  own.  The  results  of  most  of 
these  determinations  were  discussed  in  chapter  2.  But,  the  depth  to  the 
Mono  and  the  thickness  of  crustal  material  with  velocity  over  7  kms,  /  sec. 
are  shown  on  the  map  for  these  other  locations.  Nothing  definite  can  be 
really  concluded  from  this,  as  the  results  seem  very  random.  The 
depth  to  the  Moho  does,  however,  seem  to  be  generally  over  40  kms.  , 
and  becoming  deeper  toward  Saskatchewan  or  the  Dakotas.  Nothing  can 
be  said  about  whether  the  Moho  dips  under  the  mountains  or  not,  as 
more  work  is  necessary  in  both  Montana  and  Alberta  to  show  this. 

Some  crustal  material  with  velocity  over  7  kms.  /  sec.  is  shown  in  all 
cases  but  one.  Thus,  the  base  of  the  crust  does  appear  to  be  composed 

of  denser,  higher  velocity  material  than  the  upper  part.  This  material 

is  probably  of  basaltic  composition.  The  upper  boundary  of  this  layer 

•Me 

may  well  be^ discontinuity  discovered  by  Conrad.  This  Conrad  discon¬ 
tinuity  may  well  be  more  universal  than  some  workers  believe,  (e.  g. 
Steinhart). 

Many  more  crustal  thickness  determinations  are  needed  before 
any  definite  conclusions  may  be  drawn  as  to  what  these  discontinuities 
do  under  the  mountains  and  what  they  do  under  the  jweetgrass  Arch. 

The  east-west  profile  of  this  year  will  be  extended  next  year  by  the 
University  of  Alberta. 
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Suggestions  for  Future  Work: 

(1)  No  shots  less  than  800  to  1000  pounds  buried  or  5  tons  surface 
are  sufficient  for  this  type  of  work. 

(2)  The  VHF  radio  link  as  used  by  the  University  of  Alberta  is  excellent 
for  communication  and  shot  timing,  when  it  is  working  properly.  But, 
getting  the  "bugs"  out  of  such  a  link  can  be  time  consuming. 

(3)  For  any  one  shot,  recording  trucks  should  be  in  spreads  adjacent 
to  one  another,  not  one  close  to  the  shot  and  one  200  kms.  away.  This 
would  probably  aid  correlation,  as  any  source  effects  would  be  common 
and  easy  to  correlate. 

(4)  Reversed  profiles  are  definitely  necessary  in  order  to  get  good 
reciprocal  time  control.  All  precautions  should  be  taken  to  get  the  best 
reciprocal  control  possible.  The  size  and  type  of  charge  used  should  be 
the  same;  amplifier  settings  and  camera  speeds  should  be  the  same; 
and  one  detector  location  should  become  precisely  the  next  shot  location. 
This  would  prevent  any  ambiguities  whatsoever  in  reciprocal  times. 

(5)  An  attenuation  setting  of  zero  should  always  be  used  on  the  ampli¬ 
fiers.  The  lower  traces  are  always  attenuated  by  1 2  db.  in  any  case. 

If  wind  noise  is  too  great  to  operate  on  zero  db.  attenuation,  the  shot 
should  be  postponed. 

(6)  A  filter  setting  on  the  amplifier  of  about  24  c.  p.  s.  ,  if  possible, 
should  be  used.  The  dominant  frequency  in  the  arrivals  seems  to  be 

7  c.  p.  s. 

(7)  For  great  accuracy,  distance  calculations  should  be  made  by  the 
formula,  the  latitudes  and  longitudes  having  been  obtained  from  the  local 
survey  branch. 

(8)  Two  horizontal  component  Willmore  seismometers  in  each  spread 
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might  enable  more  3  phases  to  be  identified. 

(9)  The  detection  of  near  vertical  reflections  should  be  attempted  again. 

(10)  The  possibility  of  an  anomalous  higher  velocity  layer  overlying 
a  lower  velocity  layer  should  always  be  kept  in  mind. 

(11) .  For  anyone  interested  in  air-coupled  waves,  they  may  be  studied 

very  easily  by  using  a  few  pressure  phones  in  conjunction  with  the  geo¬ 
phones,  and  allowing  the  records  to  run  for  a  longer  period  of  time. 

(12)  If  long  records  are  not  necessary,  medium  speed  (5  inches  per 
second)  is  the  best  camera  speed  to  use.  Events  are  easier  to  sort  out 
at  this  speed;  2-1/2  inches  per  second  is  sufficient,  however,  but  any 
slower  speed  is  just  not  enough. 

(13)  An  extension  of  this  summer's  profile  west  towards  the  Rocky 
Mountains  would  prove  most  interesting. 
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APPENDIX  I.  THE  NATURE  OF  THE  MOHOROVICIC  DISCONTINUITY 

A  knowledge  of  the  nature  of  the  Mohorovicic  discontinuity  is 
essential  to  the  solution  of  certain  problems  regarding  the  surface  and 
subcrustal  structure  of  the  earth.  Some  of  these  problems  are  solved 
if  the  discontinuity  is  considered  as  a  phase  transition.  Most  workers, 
however,  still  feel  that  the  Moho  represents  a  change  in  chemical 
composition  from  basaltic  type  rocks  to  pericotite  or  dunite.  This 
chapter  will  treat  the  relative  merits  of  these  two  ideas,  based  on  the 
most  important  of  the  existing  literature  on  the  subject. 

The  existence  of  the  Mohorovicic  discontinuity,  marking  the 
boundary  between  the  earth's  crust  and  mantle,  is  generally  accepted  by 
everyone.  Geophysicists,  in  general,  agree  that  the  composition  of  the 
continental  crustal  rock  is  essentially  that  of  an  igneous  rock  inter¬ 
mediate  between  granite  and  basalt  while  oceanic  ci'ustal  rocks  are 
usually  basaltic  in  composition.  But,  there  is  much  less  agreement  on 
the  nature  of  the  material  under  the  crust  in  both  oceanic  and  continental 
regions. 

Another  discontinuity,  above  the  Moho,  has  been  suggested  by 
Conrad,  but  its  existence  is  not  very  well  supported  in  most  regions. 

It  is  considered  to  represent  a  discontinuity  under  the  continents  between 
rock3  of  a  more  granitic  nature  and  rocks  of  a  basaltic  composition.  It 
is  generally  accepted  that  rocks  in  the  "upper"  crust  are  more  granitic 
in  composition  while  those  in  the  "lower"  crust  are  more  basaltic,  but 
whether  there  is  an  actual  discontinuity  or  a  more  gradual  change  has 
never  been  confirmed.  The  summer's  work  by  the  University  of  Alberta 
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seems  to  indicate  a  discontinuity,  but  many  ambiguities  are  still  present. 

An  important  test  of  the  sharpness  of  discontinuities  is  the 
observation  of  deep  reflections  from  them.  If  the  physical  properties 
change  abruptly  at  a  discontinuity,  then  reflections  at  near  vertical 
angles  of  incidence  should  be  detected.  Thus,  the  sharpness  of  the 
discontinuities  is  measured  by  the  wavelength  of  the  waves  recorded. 

This  fact  is  very  important.  It  could  well  provide  the  answer  to  the 
question  of  whether  the  velocity  increase  in  the  crust  is  due  to  a  con¬ 
tinuous  functional  increase  or  whether  there  are  one  or  more  discontinu¬ 
ities  in  the  crust.  It  could  also  provide  the  answer  to  the  question  of  the 
sharpness  of  the  Moho.  This,  in  turn,  would  aid  in  determining  whether 
the  Moho  should  be  considered  as  a  phase  transition  or  as  a  chemical 
change.  Kennedy  states  that  unless  the  reflected  waves  can  be  observed, 
it  is  difficult  to  be  sure  whether  the  Moho  is  due  to  an  abrupt  change  in 
chemical  composition  and  density  of  crustal  rocks,  or  whether  it  is  a 
result  of  a  phase  transition  within  the  rock  itself,  spread  over  a  range 
of  depth  of  a  few  kilometres.  This  seems  reasonable  that  a  phase  transi¬ 
tion  would  probably  not  be  as  sharp  as  a  compositional  change.  Stein- 
hart  and  Myer,  however,  profess  the  opposite  point  of  view.  They  state 
that  if  the  reflections  are  observed,  it  would  indicate  that  the  M  is 
probably  a  phase  change  boundary,  whose  position  is  governed  by 
pressure  and  temperature,  because  it  is  hard  to  imagine  a  knife-sharp 
compositional  change  that  is  both  universal  and  stable  thi*ough  long 
stretches  of  geologic  time.  I  believe  that  they  are  mistaken  in  this  point 
of  view.  I  feel  that,  by  its  very  nature,  a  phase  change  could  nevei  be 
knife- sharp,  at  least  not  a  two  component  phase  change  as  t'us  one  would 
be.  Turner  and  V  rhoogen  state  this  very  definitely  when  they  say  that 


3. 


the  pressure-induced  transition  from  gabbro  to  eclogite  would  not  be  a 
sharp  one,  as  in  a  system  of  one  component;  in  a  multicomponent  system, 
it  would  be  spread  over  a  certain  pressure  interval.  The  two  components 
of  eclogite  are  a  pyroxene  omphacite  and  a  lime -bearing  almandine 
pyrope  type  of  garnet.  The  chemical  equivalence  of  olivine  gabbro  and 
bimine raltic  eclogite  can  be  shown  by  the  following  simple  equation: 

3Ca  AI2  Og  +  2Na  A1  Si3  Og  +  3  Mg2  SiO^  +  n  Ca  Mg  {Si  03)2 
labradorite  olivine  diopsiae 

=  3  CA  Mg2  AI2  (SiC>4)3  +  2  Na  A1  (Si  03)2  +  n  Ca  Mg  (Si  03)2  +  2  Si  O2 
garnet  omphacite  quartz 

We  will  now  have  a  short  aside  and  discuss  phase  rules  and  com¬ 
ponents.  Gibbs  phase  rule  may  be  expressed  as  follows: 
f  =  c  +  2  -  <P,  where  f  =  no.  of  degrees  of  freedom, 

c  =  no.  of  components, 

(D  =  no.  of  phases. 

This  phase  rule  is  determined  simply  by  counting  the  number  of  unknowns 
and  the  number  of  relations  to  determine  them.  Consider  a  system  of  c 
components  in  CD  phases.  For  equilibrium,  the  chemical  potential  of  each 

component  should  be  the  same  in  all  phases  in  which  it  is  present,  so  we 

have  c  (CD  -  1 )  equations  of  the  type  =  Uj^  =  .  .  .  .  =  Ui'y 

U*  =  U*  = =  uc0 

(Note  that  chemical  potential  is  the  free  energy  per  mole  of  a  pure  compon¬ 
ent.  An  expression  for  free  energy  is  G  =  E  +  iV  -  T3, 

where  E  is  the  internal  energy, 

P  is  the  pressure, 

V  is  the  volume, 

T  is  the  temperature, 

S  is  the  entropy. 


4, 


A  necessary  condition  for  a  component  i  to  migrate  spontaneously  from 
phase  «<  to  phase  B  is  that  its  chemical  potential  should  be  greater  in 
phase  <kthan  in  phase  B.  ) 

Now,  the  chemical  potential  depends  on  the  intensive  variables 
P,  T,  and  N^,  ....  Nc®,  where  Nc®  are  molar  fractions  of 

component  c  in  phase  CD.  Thus,  there  are  2  +  c<p  variables.  But,  the 
molar  fractions  are  not  all  independent,  for  we  know  that  for  each  phase 
^  Ni  =  1  and  thus  we  have  CD  more  relations  of  this  type.  Therefore, 
there  are  c  (CD  -1)  +  <D  relations  between  CCD  +  2  variables.  Thus,  if  we 
assign  arbitrary  values  to  -f  =  cCp  +  2  -  (c  (CD  -l)  +  CD)=f  =  c+  2-  CD  variables, 
we  can  determine  ail  the  other  variables.  This  is  Gibbs'  phase  rule  as 
stated  before.  It  merely  states  that  the  state  of  any  system  is  defined 
by  f  of  these  intensive  variables  P,  T,  .  .  .  Nc®.  Note  that  if  a 

component  j  is  not  present  in  any  phased  ,  there  is  no  equilibrium 
condition  involving  Uj 9  ,  and  thus  there  is  one  equation  less;  but  also  Nj 
=  O,  and  the  number  of  degrees  of  freedom  stays  the  same. 

If  we  consider  the  phase  change  gabbro  - *  eclogite,  we  have 

c  =  2,  <p  =  2,  and  therefore  f  =  2.  Thus,  we  have  two  degrees  of  freedom, 

P  and  T. 

Let  us  consider  Duhem's  theorem  for  a  moment.  This  theorem 
states  that  in  a  closed  system  (no  masses  added  or  subtracted  in  the 

i f 

course  of  the  transformation),  the  state  of  the  system  is  completely 
defined  by  two  independent  variables  only.  In  a  closed  system,  these 
can  be  either  intensive  or  extensive.  This  theorem  follows  from  Gibbs' 
rule  by  considering  that  the  state  is  only  completely  defined  by  knowing 
all  the  variables,  extensive  or  intensive.  But,  all  the  extensive  variables 
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are  known  if  ail  the  intensive  variables  plus  the  mass  of  each  phase  are 
known.  Therefore,  we  need  <$  more  variables.  But,  we  also  have  c 
more  equations  of  constancy  of  mass  to  show  that  the  system  is  closed, 
and  thus  f  =  c  +  2-  (p-c  +  GP  =  2,  and  this  is  Duhem's  theorem. 

Thus,  if  the  phase  change  gabbro — ^eclogite  is  considered  a  closed 
system,  which  it  probably  is,  it  still  has  2  degrees  of  freedom,  such  as 
P  and  T. 

This  has  been  a  slight  digression  from  the  main  point  that  I  was 
making,  and  that  is  :  that  the  phase  cnange  gabbro — ^eclogite  would  not 
be  a  sharp  one,  but  would  take  place  over  a  certain  pressure  interval. 

But,  I  digressed  to  illustrate  that  the  phase  transformation  consisted  of 
2  components,  could  be  represented  by  2  degrees  of  freedom,  and  could 
be  considered  as  a  closed  system.  I  should  like  to  state  one  further  point 
regarding  the  meaning  of  the  word  component.  The  choice  of  components 
(for  use  in  the  phase  rule)  should  be  such  that  the  chemical  composition  of 
each  and  every  phase  of  the  system  can  be  stated  in  terms  of  these  compo¬ 
nents.  This  is  done  by  taking  all  the  S  chemical  species  present  in  the 
system,  and  subtracting  the  number  of  reactions  possible  between  these 
3pecies  (since  each  reaction  reduces  the  variance  or  number  of  degrees 
of  freedom  by  one).  Thus,  c  =  s  -  r.  A  simple  example  is  that  of  a 
system  containing  :  brucite  Mg  (OH)£,  periclase  Mg  O,  and  water  H2O. 
Here,  s  =  3,  but  r  =  1  because  MgO  +  H2O  =  Mg  (OH)2«  Therefore,  c  =  2 
(MgO  and  H2O).  In  the  case  of  the  gabbro — *eclogite  change,  there 

are  four  species  present,  but  two  reactions  are  possible,  and  hence  c  =  2, 
as  stated  before. 

Now,  vertical  reflections  have  never  been  detected  from  the  Moho. 


6. 


Some  workers,  such  as  Shor,  Hart,  and  Reich  claim  to  have  observed 
such  reflections,  but  the  evidence  is  not  very  convincing.  Their  records 
contain  other  arrivals  very  close  to  the  ones  chosen,  which  tends  to 
make  one  doubt  the  validity  of  the  chosen  ones.  Furthermore,  extensive 
research  by  the  Carnegie  group,  the  Research  Group  for  Explosion 
Seismology  in  Japan,  and  workers  in  the  Soviet  Union,  have  not  produced 
any  evidence  for  near  vertical  reflections  from  the  Moho.  There  is  one 
exception.  One  record  from  Japan  shows  what  may  be  a  deep  vertical 
reflection.  But,  on  the  same  record,  On  arrival  just  as  strong  about  1.  5 
seconds  later  is  simply  ignored  in  the  interpretation.  The  work  of  the 
University  of  Alberta  in  Southern  Alberta  does  not  show  any  vertical 
reflections.  A  possible  reflection  is  present  at  about  70  kms.  on  the 
eastern  profile,  but  tins  would  indicate  an  angle  of  reflection  some  40° 
from  vertical.  Unfortunately,  one  record  which  was  taken  very  close  to 
the  shot  (18  kms.  )  in  an  effort  to  record  a  vertical  reflection  does  not 
8 how  any  such  reflection  because  of  a  great  deal  of  power  supply  noise 
on  the  record  at  the  expected  time  for  the  arrival.  Other  negative  evi¬ 
dence  comes  from  Mead  (1956)  who  worked  on  a  project  specifically 
designed  to  look  for  deep  reflections.  He  concluded  that  any  arrivals 
hft  observed  were  not  due  to  deep  reflections.  Thus,  I  think  it  can  be 
safely  stated  that  no  conclusive  evidence  for  vertical  reflections  from 
the  Moho  has  been  found.  Thus,  at  present,  it  appears  that  the  Mohoro- 
vicic  discontinuity  may  not  be  as  sharp  as  it  was  previously  thought  to 
be.  This  fact  tends  to  support  the  idea  of  a  phase  change. 

Before  we  discuss  the  phase  change  nypothesis  any  further,  let 
us  first  consider  what  it  means  to  have  the  Moho  represented  by  a 
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chemical  change.  Gravity  measurements  over  major  mountain  ranges, 
continental  areas,  and  over  the  ocean  basins  have  shown  that  the  mount¬ 
ains  do  not  represent  extra  loads  of  rock  upon  the  earth's  crust,  but 
rather  that  they  are  masses  of  lighter  rock  "floating"  in  a  denser  sub¬ 
strate,  An  analogy  to  this  is  an  iceberg  floating  in  water.  Thus,  all 
the  major  features  of  relief  of  the  surface  of  the  earth  show  mirror 
image  features  within  the  crust.  This  gave  rise  to  the  concept  that 
there  were  two  contrasting  materials  in  the  "crust"  of  the  earth;  sialic 
material  making  up  the  continents  and  sirnatic  material,  making  up  the 
denser  rocks  below  the  floor  of  the  ocean  and  lying  under  the  sial  of 
the  continents.  Then,  the  Moho  was  discovered,  and  indicated  an  abrupt 
change  in  rock  type  at  a  few  tens  of  kms.  under  the  continents  and  a 
few  kms.  under  the  oceans.  Since  the  Moho  was  found  to  be  much  deeper 
under  the  continents  than  under  the  oceans,  and  much  deeper  under  the 
mountains  than  anywhere  else,  it  was  believed  that  the  Moho  represented 
the  change  in  rock  type  from  sial  (granitic)  to  sima  (basaltic).  Prior  to 
and  along  this  general  picture,  the  concept  of  isostasy  developed.  This 
is  just  the  floating  hypothesis  mentioned  before.  Three  models  were 
developed,  by  Pratt,  Airy,  and  Heiskanen.  Pratt  felt  that  the  crust  was 
everywhere  at  the  same  depth  below  sea  level,  with  its  base  everywhere 
supporting  a  uniform  weight  per  unit  area.  Under  the  mountains,  these 
conditions  would  call  for  a  deficiency  in  density  of  the  crustal  rocks, 
while  under  the  oceans,  the  density  of  the  crustal  rocks  must  be  greater. 
Airy  postulated  that  the  surface  rocks  of  the  earth  may  be  likened  to  a 
series  of  logs  of  different  diameter,  but  the  same  density  floating  in 
water.  Thus,  he  supposed  that  the  earth's  crust  was  composed  of  blocks 
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of  one  density  but  different  thicknesses  floating  in  a  heavier  substratum. 

The  weight  of  the  block  above  sea  level  is  held  up  by  the  buoyancy  of  a 
root  extending  below  the  normal  depth  of  the  low  density  surface  material. 
Heiskanen's  model  is  like  Airy’s,  except  that  he  considered  the  density 
to  vary  up  and  down  the  columns  or  blocks,  with  denser  rocks  near  the 
lower  end  of  the  blocks.  Obviously,  Heiskanen's  theory  best  fits  the 
known  structure  of  the  crust.  Seismic  evidence  shows  that  the  crust  is 
thicker  in  general  in  mountainous  regions,  and  also  that  the  density  is 
greater  towards  the  base  of  the  crust  (becoming  so  either  continuously 
or  dis continuously).  But,  while  the  Moho  was  first  thought  to  represent 
a  chemical  change  between  the  sial  and  the  sima,  it  is  now  believed  to 
represent  a  chemical  change  between  sima  and  ultrasima.  Seismic 
velocity  data  indicates  that  the  velocity  below  the  Moho  is  everywhere 
greater  than  that  of  ordinary  simatic  rock  such  as  gabbro  or  basalt. 

The  velocities  found  are  too  high  to  fit  laboratory  data  on  rocks  other 
than  dunite,  peridotite,  or  eclogite.  We  are  considering  a  chemical 
change  here,  so  let  us  disregard  the  possibilities  of  eclogite. 

Turner  and  Verhoogen  state  that  the  probable  density  of  the  material 
below  the  Moho,  from  considerations  of  isostatic  balance  between  conti¬ 
nents  and  oceans  is  about  3.  3  gm/cm\  They  further  state  that  peridotite 
(or  possibly  dunite)  is  the  best  choice  for  the  rock  below  the  Moho  because: 
(1)  the  density  is  approximately  3.  3  gm/cm^i  (2)  there  is  a  very  wide¬ 
spread  occurrence  in  basaltic  volcanic  ejecta,  all  over  the  world,  of 
peridotite  nodules  of  astoundingly  uniform  composition  (olivine,  ensta- 
tite,  chromium  diopside,  spinel)  which  are  also  very  similar  to  the  widely 
distributed  dunites  and  associated  intrusive  rocks.  Bullen  also  believes 
that  peridotite  is  the  rock  type  below  the  Moho  for  the  same  reasons. 
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Very  briefly,  I  want  to  discuss  how  such  a  rock  type  could  have 
been  formed  by  magmatic  differentiation.  Magmatic  differentiation 
includes  all  processes  by  which  a  broadly  homogeneous  parent  magma 
breaks  up  into  contrasted  fractions  which  ultimately  form  rocks  of 
different  compositions,  I  do  not  intend  to  say  anything  here  about  the 
origin  of  the  magmas  themselves.  But,  Turner  and  Verhoogen  give  a 
very  good  treatment  of  the  possible  origin  of  various  types  of  magma. 

The  mechanism  of  differentiation  which  could  well  produce  such  a  layer 
is  crystal  fractionation.  This  is  the  separation  of  successive  crystal 
fractions  from  the  remaining  liquid  fractions.  From  a  great  deal  of 
research  on  crystallization  of  various  minerals,  it  has  been  found  that 
minerals  which  tend  to  be  associated  together  in  igneous  rocks  are  those 
which  crystallize  over  the  same  range  of  temperature  (e.  g.  olivine-diop- 
side,  olivine-labradorite).  Likewise,  crystals  such  as  orthoclase  and 
diopside,  which  have  a  very  different  range  of  crystallization,  are  never 
found  together.  All  this  suggests  fractional  crystallization.  The  type 
of  fractional  crystallization  which  is  most  likely  to  produce  a  layer  of 
peridotite  or  dunite  is  gravitational  differentiation.  Being  high  tempera¬ 
ture  minerals,  the  magnesian,  olivines  and  the  pyroxenes  are  among 
the  first  minerals  to  crystallize  out.  These  heavy  minerals  then  sink 
in  a  less  dense  liquid,  because  at  this  early  stage,  the  liquid  phase  is 
still  dominant  and  is  not  yet  too  viscous  to  prevent  the  settling  of  crystals. 
A  full  treatment  of  differentiation  of  all  possible  parent  magma  types  is 
given  in  Turner  and  Verhoogen.  But,  this  method  seems  to  me  to  be  a 
reasonable  explanation  of  how  an  ultrabasic  layer  could  be  formed. 

Now,  let  us  summarize  what  we  have  stated  regarding  the  Moho 
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being  a  chemical  change.  It  does  not  contradict  in  any  way  the  principle 
of  isostasy.  The  seismic  velocities  below  the  Moho,  and  the  calculated 
density  there,  do  not  disagree  with  the  chemical  change  hypothesis. 
Feridotite  nodules  of  a  rather  uniform  composition  are  very  common. 

And,  gravitational  differentiation  of  a  parent  mqgma  could  well  produce 
such  an  ultrabasic  layer. 

But,  the  following  four  facts  sharply  contradict  this  idea  of  a 
more  sialic  crust  floating  on  an  ultrabasic  substratum  of  different  chemical 
composition. 

(1)  Large  areas  of  continents,  long  near  sea  level,  have  been  uplifted 
many  thousands  of  feet  in  the  air.  Furthermore,  this  uplift  seems 
to  have  taken  place  very  rapidly  in  terms  of  geologic  time. 

(2)  Sediments  of  low  density,  filling  troughs  along  the  margins  of 
continents,  apparently  are  able  to  subside  into  this  higher  density 
substratum. 

(3)  Radioactive,  heat-producing  elements  are  associated  with  sialic 
rocks.  Therefore,  one  should  expect  that  the  heat  flow  through  the 
thicker  parts  of  the  earth's  crust  to  be  much  greater  than  through 
the  thinner  parts  of  the  crust.  This,  however,  is  not  found.  To  a 
first  approximation,  heat  flow  through  the  crust  is  the  same  through 
continents,  mountain  ranges,  and  ocean  basins, 

(4)  The  lifetime  of  continents  and  mountain  ranges  is  vastly  greater 
than  the  rates  of  erosion  would  suggest.  (Kennedy,  1959). 

Let  us  briefly  examine  each  of  these  apparent  facts  in  the  light  of 
the  chemical  change  we  have  been  speaking  of. 

Problem  (1):  Regions  near  sea  level  may,  over  a  short  time  such 
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as  a  few  million  years,  be  uplifted  several  thousands  of  feet.  A  good 
example  is  the  Colorado  Plateau.  This  is  an  area  of  about  250,000 
square  miles  that  stood  at  sea  level  for  hundreds  of  millions  of  years, 
and  then  was  vertically  uplifted  one  mile  about  forty  million  years  ago 
(in  mid-Tertiary  time)  and  is  still  a  high  plateau.  What  mechanism  could 
cause  such  an  uplift?  In  addition,  gravity  and  seismic  evidence  shows 
that  the  Colorado  Plateau  is  in  isostatic  balance.  Thus,  the  Colorado 
Plateau  grew  downwards  at  the  same  tiine  as  it  grew  upwards.  Convec¬ 
tion  currents  could  account  for  some  of  the  uplift,  but  seem  inadequate 
to  account  for  the  transfer  of  some  2,  500,  000  cubic  miles  of  sialic  rock. 

And,  where  did  all  this  light  rock  come  from?  The  region  from  which 
the  light  rock  was  moved  should  have  been  spectacularly  downwarped, 
but  no  large  neighboring  depressions  are  known. 

This  uplift  and  sinking  of  large  crustal  blocks,  while  the  blocks 
remain  in  isostatic  equilibrium,  cannot  be  explained  by  a  chemical 
change  at  the  Moho. 

Problem  (2):  Why  are  low  density  sediments,  filling  troughs, 
able  to  subside  into  the  higher  density  substratum?  The  fundamental  laws 
of  Physics  are  violated  on  a  large  scale  if  this  downwarping  is  produced 
directly  by  continued  loading  of  sediments.  3ome  of  these  troughs  contain 
50,  000  to  100,  000  feet  of  sediments  and  may  be  1000  miles  long  and  100  miles 
wide.  These  troughs,  like  the  plateaus,  always  seem  to  be  in  isostatic 
balance.  Thus,  dense  rock  must  automatically  be  removed  from  below 
these  troughs  at  the  same  rate  as  they  receive  sediments.  Furthermore, 
these  thick  lenses  of  sediment  are  then  slowly  folded  and  uplifted  to  form 
mountain  ranges  which  may  stand  20,  000  feet  high.  The  mystery  then  is 
heightened,  and  cannot  be  satisfactorily  explained  by  a  chemical  change 
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Problem  (3):  We  expect  the  heat  flow  through  regions  with  a 
thicker  crust  to  be  greater.  This  is  not  found  to  be  true.  It  is  known  that 
most  of  the  heat  escaping  from  the  earth  is  radiogenic,  and  is  not  primary 
heat  from  an  initially  hot  earth.  It  has  been  found  that  uranium,  thorium, 
and  potassium  are  10  to  100  times  more  abundant  in  light  silica  rich  rock 
as  in  denser  simatic  material,  rich  in  Mg  and  Fc,  and  low  in  silica. 

Hence,  we  expect  the  heat  flow  under  oceans  to  be  only  a  small  part  of  that 
under  continents.  But,  Bullard  (1952)  determined  that  the  heat  flow  under 
oceans,  continents,  and  mountain  ranges  was  almost  identical.  Thus,  either 
the  concentration  of  radioactive  minerals  under  the  oceans  is  the  same  as 
that  under  continents  (in  which  case  the  idea  of  sial  and  sima  or  ultrasima 
seems  to  be  in  error)  or  else  heat  is  transferred  by  some  other  method 
(such  as  convection  currents)  from  deep  down  in  the  earth  to  near-surface 
places  beneath  the  ocean.  It  is  certainly  difficult  to  explain  by  considering 
the  Moho  as  a  chemical  change. 

Problem  (4):  Tins  problem  of  the  long  lifetime  of  continents  and 
mountain  ranges  is  very  difficult  to  explain.  Calculations  by  Gill  U  ly. 
Waters,  and  Woodford  (1952)  show  that  the  rate  of  erosion  for  the  whole 
United  States  is  about  one  foot  in  10,000  years.  At  this  rate,  all  the  land 
masses  of  the  world  would  be  eroded  to  sea  level  in  a  time  interval  of  the 
order  of  1  -  25  million  years.  But,  land  animals  and  plants  are  known  to 
have  existed  for  over  300  million  years.  Sedimentary  geology  indicates 
land  masses  extending  back  two  billion  years.  Why  has  not  all  the  sial  of 
the  continents  been  distributed  evenly  throughout  the  ocean  basins?  Ihe 
rates  of  erosion  of  mountain  ranges  are  much  greater  than  for  continents. 

The  lifetime  of  a  mountain  should  then  be  much  less  than  the  25  million 
years  estimated  for  the  continents.  But,  the  Appalachian  mountain  range 
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appears  to  have  existed  much  as  it  is  for  the  last  200  million  years. 
Thus,  there  are  orders  of  magnitude  discrepancy  between  the  estimated 
lifetime  (based  on  known  rates  of  erosion)  and  the  lifetime  shown  by  the 
geologic  record,  of  both  continents  and  mountain  ranges.  Even  when  we 
take  into  account  the  fact  that  we  assume  the  mountain  ranges  and  conti¬ 
nents  are  floating  on  denser  sima,  and  that  they  would  float  up  as  they 
are  eroded,  the  presumed  depth  of  roots  and  thicknesses  of  the  light 
continental  rocks  allow  an  extension  of  the  previously  estimated  lifetime 
of  continents  by  no  more  than  ten  times.  (Kennedy-,  1959). 

These  four  problems  are  extremely  difficult  to  explain  if  the 
discontinuity  between  the  crust  and  the  mantle  of  the  earth  is  considered 
to  be  a  chemical  change.  Thus,  there  seems  to  be  much  more  evidence 
against  a  chemical  change  than  there  is  for  such  a  change.  As  we  shall 
soon  see,  a  phase  change  could  quite  easily  answer  the  above  problems. 

Now,  that  we  have  briefly  discussed  the  pros  and  cons  of  a 
chemical  change  at  the  Moho,  let  us  deal  with  the  concept  of  a  phase 
change.  As  stated  earlier,  this  is  a  2-component  phase  change  with  two 
degrees  of  freedom,  P  and  T.  Basalts  and  eclogites  which  have  sharply 
contrasting  mineralogy,  have  essentially  identical  composition.  This  is 
illustrated  by  the  following  table. 

Eclogite  Plateau  Basalt 


(MacDonald,  1  959) 

(Daly,  1933) 

3iOZ 

48.  12  7° 

48.  80  7° 

TiOz 

.  85 

2.  19 

al2o3 

10.  42 

13.  98 

CaO 

9.  99 

9o  38 

MgO 

14.  22 

6.  70 

FeO 

13.  92 

13.  60 

Na20 

1.  45 

2.  59 

k2o 

.  58 

.  69 
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Eclogite,  however,  contains  no  feldspar,  instead  it  is  made  up  of  a 
jadeitic  pyroxene  (omphacite)  and  garnet.  The  average  density  of 

eclogite  is  generally  given  as  3.  3  gm/cm3  or  3.  4  gm/cm3,  tending  to 

be  slightly  higher  than  that  of  peridotite.  The  mean  density  of  gabbro  is 

about  2.  95  gm/cm  .  Since  eclogite  is  the  denser  of  the  two  phases,  it 

is  the  rock  which  must  exist  at  the  higher  pressures. 

Lovering  states  that  the  theory  of  a  phase  transition  has  been 
supported  by  recent  experiments  in  the  determination  of  the  composition 
of  stony  meteorites.  This  composition  is  generally  believed  to  be 
analogous  to  the  composition  of  the  earth's  mantle.  The  stony  meteorites 
can  be  considered  as  samples  of  the  silicate  mantle  of  the  parent  meteor¬ 
ite- -thus  the  analogy  to  the  earth's  mantle.  The  chondritic  and  polymict 
brecciated  stony  meteorites  are  excluded.  The  latest  meteoritic  evidence 
suggests  that  the  outer  zone  of  the  mantle  of  the  parent  meteoritic  body 
is  formed  of  basaltic  or  euchritic  achondrites,  with  compositions  very  near 
those  of  basalts  and  norites  of  the  earth.  Thus,  we  see  that  if  the  greater 
part  of  the  earth's  upper  mantle  were  composed  of  material  similar  in 
composition  to  the  euchritic  achondrites  (as  was  the  upper  mantle  of  the 
parent  meteoritic  body),  then  such  a  material  would  have  a  composition 
nearly  identical  with  rocks  such  as  basalt  which  probably  form  the  major 
components  of  the  earth's  lower  crust.  Thus,  there  is  no  evidence  to 
indicate  tliat  the  discontinuity  between  the  crust  and  the  mantle  (the  Moho) 
is  due  to  a  chemical  change. 

The  equivalence  of  olivine  basalt  and  eclogite  chemically  was  shown 
earlier  when  the  equation  of  transformation  was  written.  This  is  restated 
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(3Ca  AI2  Si  2  Og  +  Na  A1  Si3  Og)  +  3  Mg2  Si  O^  +  n  Ca  Mg  (SiOg^ 
labradorite  olivine  diopside 

— 3Ca  Mg2  Al2  (Si04)g  +  ZNa  A1  (SiOg)2  +  n  Ca  Mg  (Si03)2  +  Z  Si  O2 
garnet  omphacite  quartz 

A  similar  equation  can  be  written  to  show  the  equivalence  of 
euchritic  achondrites  and  eclogitesr 

4Ca  AI2  Si2  Og  +  Na  A1  Sig  Og  +  8  Mg  SiC>3  +  n  Ca  Mg  (3103)2 

Bytownite  pigeonite 

4Ca  Mg2  Al2  (Si  04)3  +  Na  A1  (Si03)2  +  n  Ca  Mg  (Si  03)2  +  5  Si02 

garnet  omphacite  quartz 

There  is  much  evidence  from  petrology  to  show  that  eclogites  are 
very  unstable  rocks  and  that  reactions  transforming  them  to  the  less  dense 
rock  type  can  take  place  in  geologically  short  times. 

Now,  why  should  the  phase  change  take  place  at  a  shallower  depth 
beneath  the  oceans  than  beneath  the  continents?  To  explain  this,  Lovering 
has  made  a  re- estimation  of  the  pressure-temperature  curve  for  the  basalt 
to  eclogite  phase  change.  From  this,  he  came  to  the  conclusion  that 
because  the  temperature  at  the  bottom  of  the  ocean  is  lower  than  the 
temperature  beneath  the  continents  where  the  pressure  is  the  same,  the 
temperature  at  any  given  pressure  beneath  the  oceans  must  generally  be 
lower  than  under  the  continents.  And,  since  the  pressure  at  which  a 
phase  change  takes  place  increases  as  the  temperature  increases,  it 
follows  that  the  basalt-eclogite  phase  change  will  take  place  at  a  greater 
depth  under  the  continents. 

To  get  values  for  this  postulated  pressure-temperature  curve, 
temperatures  were  calculated  at  the  Moho  from  surface  heat  flow  and  an 
assumed  distribution  of  radioactivity.  As  we  stated  before,  the  average 
value  of  heat  flow  under  the  oceans  is  about  the  same  as  that  on  land. 
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-  6  7 

i.  e.  ,  about  1.2x10"  cal/ cm2/ sec. 

Let  Ko  =  thermal  conductivity, 

Po  =  density,  and  Ao  =  rate  of  radioactive  heat  generation/ 
pet  unit  mass. 

Then,  if  H  is  the  heat  flux  at  the  ocean  bottom  with  temperature  0°C.  , 
the  temperature  &  at  depth  x  below  the  ocean  floor  is  given  by: 

=  (Hx  -  1/2  Po  Ao  X2)/Kc. 

Using  typical,  values  of  H  =  1.  2  x  10“^  cal.  cm,  “2  sec.**  (Bullard,  1956), 

Ao  =  3.  5  x  10‘14  cal.  gm.  ”*  sec.  (Jacobs,  1956), 
Ko  =  .  0057  cal.  cm.  “*  sec.  "*  deg.  "x 
Po  =  2.  97  gm.  /  cm. 

and  using  6  kms.  as  the  depth  of  the  Moho,  under  the  ocean  floor,  the 
temperature  at  this  depth  under  the  ocean  floor  is  found  to  be  123°C, 
while  the  pressure  at  this  depth  is  about  2200  bars.  This  gives  point  O 
on  curve  L  (temperature  vs  depth  as  calculated  in  the  above  squad- ion). 

Now,  we  make  the  same  calculation  for  the  continents. 

Let  Xi  be  the  depth  of  the  siocjic  layer, 

Kj  be  the  thermal  conductivity  of  sial, 

Pj  be  the  density  of  sial, 

Aj  be  the  heat  productioryunit  mass  of  sial,  and  under  the  sial  is 

basalt  with  KQ  =  thermal  conductivity 

PQ  =  density 

AQ  =  heat  production/unit  mass. 

Then,  the  temperature  at  depth  X  is  given  by: 

©  =  (H  -  1/Z  Aj  P\  X)  (X/Kj)  forO<x<X1 

B  ~  (2H  -  Px  Al  Xj)  (XL  )  +  (H-  PL  Aj  XL)  (X  -  XL) 

(2Kj_  )  K0 

-  Po  Ao  (X  -  X!)2  for  X>Xp 


TEMP  (C).  TEMP  ( "C ) 
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where  the  temperature  at  the  surface  is  taken  as  0°C. 

Typical  values  are  again  used,  as  follows: 
depth  of  sial  =  10  kms  (Gutenberg,  1951)  with  =  2.  76 

=  1.  2  x  10"13  (Jacobs,  1956). 
Kl  =  .  0065  (Birch,  1942), 

and  with  the  values  for  basalt  used  before,  the  temperature  at  a  depth  of 
35  kms.  is  found  to  be  480°C.  ,  while  the  pressure  is  calculated  to  be  about 
10,  000  bars.  This  gives  point  c  on  curve  II. 

From  these  calculations,  we  may  assume  that  the  pressure- 
temperature  curve  for  the  transformation  basalt  to  eclogite  lies  roughly 
along  the  line  Oc.  If  we  assume  that  it  is  the  straight  line  Oc,  then  it 
can  be  represented  by  the  equation  p  =  21.  8  &  -  488  where  p  is  in  bars  and 
0  in  °C. 

Robertson  and  others  (1957)  have  concluded  that  the  pressure 
needed  to  form  an  omphacite  pyroxene  is  probably  less  than  that  needed 
to  form  jadeite,  but  they  also  conclude  that  the  equilibrium  line  for  the 
formation  of  jadeite  from  albite  and  nepheline  is  close  to  the  line  Oc  on 
the  graph,  estimated  as  the  equilibrium  line  for  the  formation  of  eclogite 
from  basalt.  We  must  note  that  the  use  of  the  single  line  Oc  to  separate 
these  stability  fields  is  not  really  true,  as  2  components  (or  maybe  more 
according  to  Lovering)  are  involved  here. 

Now,  let  us  examine  these  graphs  as  made  by  Lovering.  Basalt  is 
stable  on  the  upper  side  of  the  Oc  line  and  eclogite  is  stable  below  this 
line.  We  also  recall  at  this  point  that  Lovering  made  the  statement  that 
the  temperature  at  any  pressure  under  the  oceans  must  be  lowex  than  that 
at  the  same  pressure  under  the  continents.  We  notice  immediately  that 
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his  graphs  do  not  support  his  statements.  The  continental  curve  seems 
to  be  satisfactory,  as  when  it  crosses  the  transition  line,  it  remains  in 
the  region  of  the  graph  where  eclogite  is  stable  as  it  should.  But,  the 
oceanic  curve  runs  from  the  field  of  stability  of  eclogite  into  the  field 
of  stability  of  basalt.  It  also  crosses  the  continental  curve.  Thus,  it 
shows  that  for  any  pressure,  the  temperature  under  the  oceans  is 
warmer  than  the  temperature  at  the  same  pressure  under  the  continents, 
contrary  to  Lovering's  statement.  I  have  recalculated  some  of  the  points 
on  this  curve  from  the  equation,  and  the  curve  is  correct.  Why  the 
discrepancy  or  contradition?  The  following  reasons  may  be  at  least 
part  of  the  cause  of  trouble.  First  of  all,  the  equation  for  temperature 
under  the  oceans  could  only  be  used  down  to  the  Moho  as  it  stands, 
without  some  modification.  The  modification  would  be  the  taking  into 
account  of  the  fact  that  at  the  Moho  (about  6  kms.  below  the  ocean  floor), 
the  density  changes  from  2.  97  to  about  3.  3  gm/cm  and  the  thermal 
conductivity  no  doubt  changes.  Lovering,  however,  used  the  same 
equation  for  temperature  under  the  oceans,  even  below  the  Moho.  The 
modification  might  cause  quite  a  change  in  the  curve.  Even  if  we  just 
take  into  account  the  density  change  with  regard  to  the  increased  pressure, 
we  note  that  the  curve  is  brought  down.  Secondly,  the  phase  transition 
curve  is  very  likely  not  to  continue  in  a  linear  manner  or  even  in  a 
regular  manner  at  low  temperatures  and  pressures.  The  following 
graphs  (lower  graph,  p.  l6,  a)  as  I  have  redrawn  them  may  well  be 
closer  to  the  truth.  More  work  will  have  to  be  done  along  these  lines. 

In  any  event,  the  points  O  and  C  are  reasonable,  ana  give  a  reasonable 
pressure-temperature  line  between  them  for  the  phase  transition.  The 
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continental  temperature-pressure  curve  supports  the  idea  of  a  phase 
change  and  the  oceanic  curve  may  well  do  so  if  the  equation  is  modified 
for  the  greater  depths. 

Several  people  have  done  work  on  the  correlation  of  continental 
and  oceanic  phase  transitions,  by  beginning  with  the  assumption  that  the 
phase  transition  is  at  equilibrium.  Two  of  these  workers  were  MacDonald 
and  Ness.  I  do  not  intend  to  include  any  of  their  mathematical  calcula¬ 
tions  here,  as  X  already  feel  I  have  included  too  much  detail  in  this 
supposedly  brief  general  discussion  of  the  possible  nature  of  the  Moho. 

But,  in  order  to  point  up  the  fact  that  there  are  also  difficulties  involved 
in  assuming  that  the  Moho  is  a  phase  change,  I  wish  to  state  that  after 
extensive  mathematical  work,  they  concluded  that  the  same  phase  change 
can  produce  both  the  oceanic  and  continental  Moho  only  if  the  phase 
transition  has  very  special  properties  and  somewhat  unreasonable  crustal 
models  are  used. 

Simple  mathematical  calculations  for  the  phase  transition  under 
equilibrium  conditions  can  also  be  used  to  attempt  to  predict  the  move¬ 
ment  of  the  phase  transition  due  to  surface  perturbations.  MacDonald 
and  Ness  also  did  work  on  this.  They  devised  a  typical  model,  as  beford, 
and  then  analysed  it  mathematically.  Once  again,  I  do  not  intend  to 
include  any  of  their  analysis  here.  However,  this  analysis  shows  that 
amplitudes  for  the  movement  of  the  crust  that  are  in  general  agreement 
with  geological  observations  can  be  found,  assuming  the  Moho  is  a  phase 
change.  But,  they  state  that  much  more  work  along  this  line  is  needed. 

Let  us  review  what  we  have  found  so  far.  We  know  that  basalt 
and  eclogite  have  about  the  same  composition,  and  that  the  change  from 


;  - 


- 


20. 


one  to  the  other  can  be  represented  by  a  simple  equation.  The  density 
of  eclogite  is  approximately  equal  to  that  of  the  material  believed  to  be 
below  the  Moho.  The  seismic  velocities  also  correspond.  Furthermore, 
the  upper  mantle  of  parent  meteoritic  bodies  (by  study  of  story  meteorites) 
is  composed  of  euchritic  achondrites  of  composition  similar  to  eclogite s. 

And,  Lovering  offers  a  reasonable  explanation  of  why  the  transition  would 
occur  at  a  greater  depth  under  continents  (even  though  his  graphs  as  he 
has  drawn  them  do  not  show  this).  Mathematical  calculations  of  transition 

r 

boundary  movement  due  to  surface  perturbations  give  reasonable  results,  but 
it  is  very  difficult  to  correlate  mathematically  the  continental  and  oceanic 
transitions.  Taken  as  a  whole,  there  is  no  direct  evidence  to  show  that 
the  Moho  cannot  be  a  phase  change. 

Let  us  assume  that  it  is  a  phase  change,  and  see  how  well  it  answers 
the  four  problems  of  the  surface  of  the  earth  posed  before. 

(1)  Large  areas  of  continents,  at  sea  level  once  upon  a  time,  could  be 
elevated  to  a  high  plateau  just  by  warming  the  rocks  near  the  dis¬ 
continuity  by  a  few  tens  of  degrees.  This  would  cause  the  eclogite 
to  change  to  basalt,  and  the  phase  change  would  migrate  downwards. 
The  volume  increase  when  the  dense  rock  turned  to  light  rock  would 
float  the  continents  to  higher  levels.  Thus,  conwction  currents  are 
not  needed  to  explain  the  transport  of  millions  of  cubic  miles  of 
light  material  to  uplift  continents.  But,  convection  currents  may 
well  be  the  cause  of  the  rise  in  temperature  needed  to  bring  about 
this  uplift. 

(2)  The  downsinking  of  sediments  into  troughs  is  also  easily  explained 
by  a  phase  transition.  The  initial  effect  of  depositing  sediments 
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in  troughs  would  be  to  increase  the  pressure  at  the  discontinuity 
with  little  or  no  change  in  temperature.  Thus,  basalt  would 
change  to  eclogite,  and  the  phase  change  would  migrate  toward 
the  surface.  The  decrease  in  volume  would  cause  the  trough  to 
sink.  Thus,  the  short-time  effect  of  rapid  sedimentation  is  one 
of  sinking.  But,  in  a  sufficient  amount  of  time,  since  the  new 
sediments  would  be  of  low  therrnoconductivity  and  probably  richer 
in  radioactive  material,  the  temperature  at  the  base  of  the  trough 
would  slowly  rise.  Then,  the'eclogite  would  change  to  basalt  and 
the  discontinuity  would  migrate  downward.  The  consequent  increase 
in  volume  would  cause  great  uplift.  Thus,  troughs  may  sink  for 
considerable  time  and  then  be  uplifted  to  form  mountain  ranges  as  the 
roots  of  the  trough  migrate  downward. 

(3)  The  phase  transition  also  explains  the  problem  of  a  rather  uniform 
heat  flow  to  the  surface  of  the  earth.  If  the  bulk  composition  of  the 
rocks  under  the  continents  were  not  much  different  from  the  bulk 
composition  of  oceanic  rocks  (basalt  and  eclogite),  then  we  would 
expect  relatively  uniform  heat  flow.  This  is  what  we  find,  of  course. 

(4)  The  long  lives  of  mountain  ranges  can  be  similarly  explained  by  a 
phase  change.  As  the  tops  of  mountains  are  eroded  away,  the 
pressure  at  the  discontinuity  is  decreased.  This  causes  eclogite 

to  change  to  basalt,  and  the  volume  increase  would  keep  the  mount¬ 
ains  floated  to  a  high  elevation. 

Thus ,  the  four  problems  which  we  had  much  difficulty  explaining 

in  terms  of  a  chemical  change  are  very  easily  answered  by  treating  the 

Moho  as  a  phase  change.  More  work  is  needed  to  determine  for  certain 
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the  exact  nature  of  the  Moho.  While  the  concept  of  a  phase  change  seems 
to  solve  more  problems  of  the  earth's  crust  than  does  a  chemical  change, 
it  also  creates  some  problems  as  we  have  seen.  But,  no  evidence 
directly  contradicts  the  idea,  and  much  evidence  supports  it.  I  believe 
that  there  will  be  no  way  of  deciding  on  a  definite  answer  until  Project 
Mohole  is  complete.  Until  such  time,  I  prefer  to  believe  the  concept  of 
a  phase  change  at  the  Moho. 

Much  work  remains  to  be  done  in  the  world  to  determine  the  exact 
depth  and  attitude  of  the  Moho  at  all  places.  This  thesis  is  concerned  with 
that  aspect  of  research  on  the  Moho.  The  Second  chapter  w*s  a  brief 
summary  of  former  work  done  by  other  workers  in  other  places.  Follow¬ 
ing  this,  a  detailed  interpretation  of  the  work  in  Southern  Albe rta  by  the 
University  of  Alberta  was  given. 

I  wish  to  mention  here,  that,  following  the  writing  of  this  section, 
a  paper  by  Bullard  and  Griggs  was  brought  to  my  attention  by  Dr.  Garland. 
They  conclude  that  the  Mohorovicic  Discontinuity  represents  a  chemical 
change  rather  than  a  phase  change.  They  have  three  major  objections  to 
the  theory  of  a  phase  change. 

(1)  The  oceanic  and  continental  transitions  cannot  both  result  in  the 
high  pressure  form  lying  beneath  the  Moho.  This  is  the  fact 
that  I  have  discussed  already  when  I  was  speaking  about  Dover¬ 
ing's  curves.  But,  I  did  offer  a  possible  explanation  for  some 
of  the  difficulty,  but  there  would  probably  be  still  some  dis¬ 
crepancy  even  if  this  were  considered. 

(2)  The  variations  in  Moho  depth  from  place  to  place  are  less  than 
would  be  expected  from  variations  of  heat  flow.  As  stated  before, 
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the  mean  heat  flow  under  both  oceans  and  continents  is  the 
same.  But,  variations  occur  under  both.  To  date,  however, 
Moho  depth  determinations  have  not  been  made  extensively  in 
anomalous  areas.  But,  as  Bullard  and  Griggs  state,  measure¬ 
ments  that  have  been  made  indicate  that  changes  in  depth  are 
not  as  great  as  those  expected.  More  work  definitely  should 
be  .done. 

(3)  The  third  objection  raised  by  Bullard  and  Griggs  to  the  idea  of 

a  phase  change  is  that  a  phase  change  boundary  would  not  be 
sharp.  They  feel,  that,  since  some  workers  claim  to  have 
observed  vertical  reflections  from  the  Moho,  it  is  a  sharp 
boundary.  But,  I  have  already  discussed  such  reflections,  and 
showed  that  they  are  not  very  convincing. 

Certainly  there  are  objections  to  the  theory  of  a  phase  change. 


But,  since  it  explains  so  many  difficulties,  I  believe  that  the  Mohorovicic 
discontinuity  must  represent  a  phase  change. 
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Arr.  #5  Arr.  #6 

app.  vel.  9.  1  app.  vel.  8.  2 

Arr.  #7 
app.  vel.  12.3 

Arr.  #8 
app.  vel.  7, 

1. 

63.  85 

-- 

-- 

-- 

-- 

2. 

.  97. 

13.  82 

14.  96 

15.  64 

-- 

3. 

69.  10 

.  83 

.  97 

-- 

15.  89 

4. 

.  22 

-- 

•  99 

.  66 

.  89 

5. 

.  37 

.  86 

15.  00 

.  67 

.  91 

6. 

.  50 

.  88 

.  03 

.  63 

.  93 

7. 

.  62 

.89 

.  04 

-- 

-- 

8. 

.  75 

.  90 

.  05 

.  70 

.  96 

9. 

.  89 

-- 

.  06 

-- 

.  98 

10. 

O 

• 

o 

r- 

.  93 

.  09 

.  74 

16.  00 

11. 

.  14 

-- 

.  10 

-- 

-- 

12. 

.  27 

.  1  1 

.  75 

.  03 

7 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #10,  TRUCK  #1  (Good  Record) 
(Continued) 


Geoph. 

No. 

Dist. 

Arr.  #9, 
app.  vel.  6.  3 

Arr.  #10 
app.  vel.  8.  7 

Arr.  #11 
app.  vel.  6.  5 

Arr.  #12 
app.  vel.  8. 

1. 

68.  85 

-- 

-- 

-- 

-- 

2. 

.  97 

-- 

-- 

17.  69 

17.  93 

3. 

69.  10 

-- 

16.  76 

-- 

.  94 

4. 

.  22 

16.  15 

.  77 

.  73 

-- 

5. 

.  37' 

.  18 

.  78 

.  75 

.  97 

6. 

.  50 

.  20 

.  80 

.  77 

.  99 

7. 

.  62 

.  22 

.81 

.  73 

-- 

8. 

.  75 

.  24 

.  82 

-- 

-- 

9. 

.  89 

.  26 

.  84 

.  83 

13.  02 

10. 

70.  02 

-- 

.  86 

.  85 

-- 

11. 

.  14 

-- 

.  87 

.  87 

-- 

12. 

.  27 

.  33 

.  89 

.  90 

-- 

10 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #10,  TRUCK  #1  (Good  Record) 
(Continued) 


Geoph.  Arr.  #13,  Arr,  #14, 

No.  Moho  reflection, 

Dist.  app.  vel.  11.4  app.  vel.  9.1 


1. 

68.  85 

-- 

2. 

.  97 

18.  45 

20.  31 

3. 

69.  10 

.  46 

.  33 

4. 

.  22 

.  47 

.  35 

5. 

.  37 

.  48 

.  37 

6. 

.  50 

.  49 

.  39 

7. 

.  62 

.  50 

.  40 

8. 

.  75 

.  52 

.41 

9. 

.  89 

.  53 

.42 

10. 

70.  02 

.  54 

.  44 

11. 

.  14 

.  56 

12. 

.  27 

—  - 

-  - 

11. 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #10,  TRUCK  #2  (Good  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Precambrian 
refraction, 
app.  vel.  5.  4 

Arr.  #2, 

app.  vel.  7.  7 

Arr.  #3, 

app.  vel.  7.  0 

Arr.  #4, 

app.  vel.  7.  3 

1. 

127.  01 

-- 

-- 

21.  36 

21.  95 

2. 

.  14 

20.  79 

21.  16 

.  39 

-- 

3. 

.  26 

.  81 

.  19 

.41 

.  97 

4. 

.  39 

.  82 

.  20 

.  42 

.  99 

5. 

.  53 

.  85 

.  22 

.45 

22.  00 

6. 

.  66 

.  88 

.  24 

.  47 

.  02 

7. 

.  78 

.  91 

.  24 

.48 

-- 

8. 

.  91 

.  93 

-- 

-- 

-- 

9. 

1 28.  06 

.  95 

.  29 

.  52 

.  08 

10. 

.  18 

.  98 

.  30 

.  54 

.  09 

11. 

.  31 

21.  00 

.  32 

.  56 

.  11 

12. 

.43 

.03 

.  35 

.  58 

.  13 

12 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

SHOT  #10,  TRUCK  #2,  (Good  Record) 
(Continued) 


Geoph. 

No. 

Dist. 

Arr.  #5, 

app.  vel.  7.  4 

Arr.  #6, 
Intermediate 
layer  refraction 
app.  vel.  7.  7 

Arr. 

app.  vel. 

#7, 

9.  1 

Arr.  #8, 
Moho  refrac 
tion  energy, 
app.  vel.  8. 

1. 

127.  01 

-- 

-- 

-- 

24.  78 

2. 

.  14 

-- 

23.  52 

24.  39 

.  79 

3. 

.  26 

22.  93 

.  55 

.  40 

.  79 

4. 

.  39 

.  96 

.  56 

.41 

.  81 

5. 

.  53 

.  98 

.  58 

.43 

.  83 

6. 

.  66 

.  99 

.  59 

.  45 

.  84 

7. 

.  78 

23.  00 

.  62 

.46 

.  84 

8. 

.  91 

.  02 

.  63 

-- 

--  - 

9. 

128. 06 

.  05 

.  64 

.  48 

.  88 

10. 

.  18 

.  06 

.  66 

.  50 

.  90 

11. 

.  31 

.  08 

.  68 

.  52 

.  92 

12. 

.43 

23.  10 

.  70 

.  53 

.  93 

13 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

SHOT  #10,  TRUCK  #2  (Good  Record) 
(Continued) 


Geoph. 

No. 

Dist. 

Arr.  #9, 
app.  vel.  10.  1 

Arr.  #10, 
app.  vel.  6.  9 

Arr.  #11, 
app.  vel.  7.  4 

1. 

127.  01 

25.  60 

26.  64 

2. 

.  14 

25.  13 

.  62 

.  66 

3. 

.  26 

.  15 

.64 

.  67 

4. 

.  39 

.  16 

.  66 

.  68 

5. 

.  53 

.18 

-- 

.  71 

6. 

.  66 

-- 

.  71 

.  73 

7. 

.  78 

.  20 

.  72 

__ 

8. 

.  91 

-- 

.  73 

.  76 

9. 

128.  06 

.  22 

.  75 

.  78 

10. 

.  18 

-- 

.  77 

.  80 

11. 

.  31 

.  24 

.  79 

.81 

12. 

.43 

.  27 

.  81 

•**  •* 

14 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

SHOT  #11,  TRUCK  #1  (GOOD  R£C0KD). 


Geoph. 

No. 

Arr.  #1, 
Precambrian 

Arr.  #2, 

Arr.  #3, 

Arr.  #4, 

Dist. 

refraction- 
app.  vel.  TO.  5 

app.  vel.  8.  2 

app.  vel.  11.3 

app.  vel.  8.  3 

1. 

17.  88 

-- 

-- 

-- 

-- 

2. 

18.  01 

-- 

-- 

-- 

-- 

3. 

.  13 

-- 

-- 

-- 

-- 

4. 

.  26 

r  - 

-- 

-- 

-- 

5. 

.40 

-- 

-- 

-- 

-- 

6. 

.  53 

-- 

-- 

-- 

7. 

.  65 

4.  08 

4.  44 

4.  62 

5.  37 

8. 

.  78 

.  09 

.45 

.  63 

-- 

9. 

.  93 

.  12 

-- 

-- 

-- 

10. 

19.05 

-- 

.49 

-- 

.41 

11. 

.  18 

.  13 

.  50 

.  66 

.42 

12. 

.  30 

.  14 

.  51 

.  68 

.45 

15 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #11,  TRUCK  #2  (Good  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Intermediate 
layer  refraction, 
app.  vel.  7.  1 

Arr.  #2, 

Mo  ho 

refraction, 
app.  vel.  8.  1 

Arr.  #3, 

Mo  ho 

reflection, 
app.  vel.  8.  7 

Arr.  #4, 
limestone 
refraction, 
app.  vel.  5.  4 

1. 

191. 56 

-- 

-- 

-- 

-- 

2. 

.  69 

-- 

-- 

-- 

3. 

.  81 

-- 

-- 

-- 

-- 

4. 

.  94 

-- 

-- 

-- 

-- 

5. 

192. 08 

-- 

-- 

-- 

-- 

6. 

.  21 

-- 

-- 

*■- 

-- 

7. 

.  33 

32.  47 

32.  60 

33.  18 

33.  44 

3. 

.46 

.49 

.  61 

.  19 

.  47 

9. 

.  61 

.  51 

.  63 

.  21 

.  49 

10. 

.  73 

.  52 

.64 

.  22 

.  52 

11. 

.  86 

.  55 

.  66 

.  24 

.  54 

16 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #11,  TRUCK  #2  (Good  Record) 
(Continued) 


Geoph.  Arr.  #5,  Arr.  #6, 


No. 

Dist. 

app.  vel.  9.  6 

app.  vel 

1. 

191. 56 

-- 

-- 

2. 

.  69 

-- 

-- 

3. 

.  81 

-- 

-- 

4. 

.  94 

-- 

-- 

5. 

192. 08 

-- 

6. 

.  21 

-- 

-- 

7. 

.  33 

33.  77 

35.  17 

8. 

.46 

.  78 

.  19 

9. 

.  61 

.  79 

.  21 

10. 

.  73 

.  80 

.  22 

11. 

.  86 

.  80 

.  24 

12. 

.  98 

.31 

.  26 

17 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #12,  TRUCK  #1 


Geoph. 

Arr. 

#1, 

Arr. 

#2, 

Arr. 

#3, 

Arr.  #4 

9 

No. 

Dist. 

Intermediate 

layer  refraction 

app.  vel.  7.  4 

app.  vel.  6.  5 

app.  vel. 

6.  3 

app.  vel. 

6.  6 

1. 

221. 21 

-- 

-- 

-- 

-- 

2. 

.  33 

36. 

31 

36. 

79 

37. 

92 

38. 

74 

3. 

.46 

-- 

-- 

-- 

-- 

4. 

.  58 

.  35 

• 

82 

-- 

78 

5. 

.  73 

-- 

-- 

-- 

-- 

6. 

.  86 

• 

38 

• 

87 

• 

99 

• 

82 

7. 

.  98 

-- 

-- 

-- 

-- 

8. 

222.  11 

• 

39 

e 

90 

38. 

04 

• 

86 

9. 

.  25 

-- 

-- 

-- 

-- 

10. 

.  38 

-- 

-- 

-- 

11. 

.  50 

-- 

-- 

-- 

-- 

12. 

.  63 

-  — 

-- 

— 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #12,  TRUCK  #2 


Ar  r.  #1, 


Geoph. 

No.  Dist.  app.  vel.  8.  1 


Arr.  #2, 
Mo  ho 
reflection 
app.  vel.  6.  9 


1. 

259.  59 

-- 

2. 

.  72 

-- 

-- 

3. 

.84 

42.  44 

•- 

4. 

.  97 

-- 

5. 

260.  1 1 

6. 

.  24 

.  49 

43.  03 

7. 

.  36 

-- 

8. 

.  49 

.  52 

.  05 

9. 

.  64 

-- 

10. 

.  76 

-- 

-- 

11. 

.89 

-- 

12. 

261. 01 

_  _ 

-  - 

19 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

SHOT  #13,  TRUCK  #1,  (Poor  Record) 


Arr.  #1, 


Geoph.  app.  vel. 

No.  Dist.  6.  5 


Arr.  #2, 

app.  vel. 
7.  7 


Arr.  #3, 
Moho 
refraction 
app.  vel. 
7.  3 


Arr.  #4, 
Moho 
reflection 
app.  vel. 
6.  5 


Arr.  #5, 

app.  vel. 
7.  3 


1. 

145.  52 

-  - 

-  - 

— 

2. 

.  64 

26.  24 

26.  70 

26.  92 

27.  21 

27.  57 

3. 

.  77 

.  26 

.  71 

.  94 

.  23 

.  60 

4. 

.89 

-- 

-- 

5. 

146.  04 

.  30 

.  75 

.  96 

.  27 

.  61 

6. 

.  17 

-- 

-- 

7. 

.  29 

-- 

-- 

-- 

-- 

8. 

.  42 

-- 

-- 

-- 

-- 

9. 

.  56 

.83 

-- 

-- 

10. 

.  69 

-- 

-- 

.  71 

11. 

.  81 

-  - 

-- 

-- 

12. 

.  94 

•  — 

27.  10 

-- 

-- 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

SHOT  #13,  TRUCK  #2,  (Fair  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Moho 
refraction 
app.  vel.  9.  3 

Arr.  #2, 
limestone 
refraction 
app.  vel.  6.  3 

Arr.  #3, 
Moho 
reflection 
app.  vel.  6. 

1. 

179.  01 

-- 

-- 

-- 

2. 

.  13 

-- 

-- 

-- 

3. 

.  26 

-- 

-- 

-- 

4. 

.  38 

-- 

-- 

-- 

5. 

.  53 

-- 

-- 

6. 

.  66 

-- 

-- 

7. 

.  78 

31.  1 1 

31.  36 

31.  68 

8. 

.  91 

.  14 

.  37 

.  71 

9. 

180. 05 

.  15 

.  39 

.  73 

10. 

.  18 

.  17 

.41 

.  78 

11. 

.  30 

.  18 

.43 

.  79 

12. 

.  43 

.  19 

.  45 

.  80 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #14,  TRUCK  #1  (Good  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Precambrian 
refraction, 
app.  vel.  7.  1 

Arr.  #2, 
lime  stone 
refraction, 
app.  vel.  8.  3 

Arr,  #3, 

app.  vel.  5.  4 

Arr.  #4, 
Mo  ho 
reflection 
app.  vel.  1 

1. 

85.  76 

14.  57 

15.  31 

16.  65 

-- 

2. 

.  89 

-- 

-  -- 

-- 

-- 

3. 

86.  01 

-- 

-- 

-- 

-- 

4. 

.  14 

-- 

-- 

-- 

-- 

5. 

.  28 

14.  65 

15.  39 

16.  75 

20.  33 

6. 

.41 

.  67 

.40 

-- 

-- 

7. 

.  53 

-- 

.42 

-- 

.  37 

8. 

.  66 

.  69 

-- 

-- 

-- 

9. 

.  81 

.  72 

.43 

.  79 

.  38 

10. 

.  93 

.  75 

.  45 

.  81 

.  39 

11. 

87.  06 

-- 

.46 

.  84 

-- 

12. 

.  18 

.  77 

.48 

.  86 

-- 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #14,  TRUCK  #2  (Good  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Precambrian 
refraction, 
app.  vel.  7.  6 

Arr.  #2, 
limestone 
refraction 
app.  vel.  8.  9 

Arr.  #3, 

app.  vel.  7.  6 

Arr.  #4, 

app.  vel.  8. 

1. 

112.  61 

-- 

-- 

-- 

, 

2. 

.  74 

-- 

-- 

-- 

-- 

3. 

.  86 

-- 

-- 

-- 

-- 

4. 

.99 

18.  50 

19.  93 

20.  28 

21.  49 

5. 

113.  13 

.  52 

.  94 

.  30 

.  50 

6. 

.  26 

-- 

.96 

.  31 

.  52 

7. 

.  38 

.  54 

-- 

-- 

-- 

8. 

.  51 

.  56 

.  99 

.  33 

.  53/ 

9. 

.  66 

.  57 

20.  01 

.  35 

.  56 

10. 

.  78 

.61 

.  02 

.  38 

.  58 

11. 

.  91 

.  62 

.03 

.40 

.  60 

12. 

114.  03 

.64 

.05 

.  41 

.  61 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #14,  TRUCK  #2  (Good  Record) 
(Continued) 


Geoph. 

No. 

Dist. 

Arr.  #5, 
app.  vel.  13.1 

Arr.  #6, 
app.  vel.  8.  7 

Arr.  #7, 
app.  vel.  7.  7 

Arr.  #8, 
app.  vel.  7, 

1. 

112.  61 

-- 

-- 

-- 

-- 

2. 

.  74 

-- 

-- 

-- 

-- 

3. 

.  86 

-- 

-- 

-- 

_ 

4. 

.  99 

23.  54 

28.  86 

29.  63 

31.  58 

5. 

113.  13 

.  55 

.  89 

-- 

.  59 

6. 

.  26 

.  55 

.  90 

.  64 

.  60 

7. 

.  38 

-- 

-- 

.  63 

8. 

.  51 

.  58 

.  93 

.  68\ 

-- 

9. 

.  66 

.  59 

.  94 

.  71 

.  74 

10. 

.  78 

.  60 

.95 

.  72 

■ 

11. 

.  91 

.  61 

-- 

.  73 

.  77 

12. 

1 14.  03 

.  62 

.  99 

.  80 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #15,  TRUCK  #1  (Good  Record) 


Geoph. 

Arr.  #1, 
Precambrian 
refraction, 

Arr.  #2, 

Arr.  #3, 

Arr.  #4, 
Intermediate 
layer  refraction 

No. 

Dist. 

app.  vel.  6.  4 

app.  vel.  7.  5 

app.  vel.  8. 

4  app.  vel.  7.  2 

1. 

163. 25 

-- 

-- 

-- 

/* 

2. 

.  38 

-- 

-- 

-- 

-- 

3. 

.  50 

-- 

-- 

-- 

4. 

.  63 

-- 

-- 

-- 

-- 

5. 

.  77 

26.  63 

27.  43 

27.  80 

23.  65 

6. 

.  90 

-- 

.  44 

-- 

.  66 

7. 

164.  02 

-- 

-- 

-- 

-- 

8. 

.  15 

.  __ 

-- 

-- 

-r 

9. 

.  30 

.  70 

.49 

.  86 

.  71 

10. 

.  42 

.  75 

.  52 

.  88 

.  73 

11. 

.  55 

-- 

.  53 

.  89 

-- 

12. 

.  67 

-  - 

-  ~ 

“*  — 

.  77 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #15,  TRUCK  #1  (Good  Record) 
(Continued) 


Geoph. 

Arr.  #5, 
Moho 
refraction 

Arr.l F5f 
Moho 
reflection 

Arr.  #7, 

Arr.  Iff, 

No. 

Dist. 

app.  vel.  9.  5 

app.  vel.  11.3 

app.  vel.  7.  8 

app.  vel.  11.0 

1. 

163.  25 

-- 

-- 

-- 

' 

2. 

.  38 

-- 

-- 

-- 

-- 

3. 

.  50 

-- 

-- 

-- 

-- 

4. 

.  63 

-- 

-- 

-- 

-- 

5. 

.  77 

29.  12 

29.  54 

30.  26 

30.  75 

6. 

.  90 

.  12 

-- 

.  28 

.  76 

7. 

164. 02 

-- 

-- 

-- 

V 

8. 

.  15 

-  - 

-  — 

—  — 

**" 

9. 

.  30 

.  16 

.  57 

.  32 

-  .  78 

10. 

.42 

.  18 

.  59 

.  34 

.  80 

11. 

.  55 

.  20 

-- 

.  37 

.  82 

12. 

.  67 

.  20 

.  62 

.  38 

.  83 

.A 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #15,  TRUCK  #1  (Good  Record) 
(Continued) 


Geoph.  Arr.  #9,  Arr.  #10,  Arr.  #11, 


No. 

Dist. 

app.  vel.  7.  7 

app.  vel.  7.  8 

app.  vel. 

1. 

163.  25 

-- 

-- 

-- 

2. 

.  38 

-- 

-- 

-« 

3. 

.  50 

-- 

-- 

-- 

4. 

.  63 

-- 

-- 

-- 

5. 

.  77 

-- 

32.  88 

35.  06 

6. 

.  90 

31.  31 

.  91 

.  09 

7. 

164.  02 

-- 

-- 

— 

8. 

.  15 

-- 

-- 

-- 

9. 

.  30 

31.  34 

.  94 

.  10 

10. 

.42 

o  37 

.  96 

.  12 

11. 

.  55 

.  39 

.  98 

.  14 

12. 

.  67 

.41 

.  99 

.  16 
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EAST  SHOT  POINT 
ARRIVAL  TIME  (Secs.  ) 

SHOT  #15,  TRUCK  #2  (Good  Record) 


Geoph. 

No. 

Diet. 

Arr.  #1, 

Mo  ho 

refraction 
app.  vel.  7.  4 

Arr.  #2, 
Inter  medi  ate 
layer  refraction 
app.  vel.  8.  7 

Arr.  #3, 
Moho 
reflection 
app.  vel.  6.  9 

Arr.  #4, 

app.  vel.  11.0 

1. 

202. 12 

33.  76 

34.  22 

34.  72 

34.  92 

2. 

.  24 

.  80 

.  22 

.  75 

.  93 

3. 

.  37 

.  80 

.  24 

.  76 

.  96 

4. 

.49 

.  83 

.  25 

.  77 

.  97 

5. 

.  64 

-- 

-- 

-- 

-- 

6. 

.  77 

.  86 

.  29 

.  82 

-- 

7. 

.  89 

.  89 

.  31 

.  83 

35.  00 

8. 

203.  02 

-- 

.  32 

.  84 

-- 

9. 

.  16 

.  93 

-- 

-- 

-- 

10. 

.  29 

.  34 

.  89 

.  02 

11. 

.  41 

-- 

-- 

-- 

.  04 

12. 

.  54 

.  94 

.  37 

.  94 

.  07 

28 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #16,  TRUCK  #1  (  Fair  Record) 


Geoph. 

Arr.  #1, 
Intermediate 
layer  refraction 

Arr.  #2, 

Arr. 

No. 

Dist. 

app.  vel.  7.  7 

app.  vel.  7.  4 

app.  vel. 

1. 

-- 

-- 

-- 

-- 

2. 

-- 

-- 

-- 

3. 

-- 

-- 

-- 

-- 

4. 

-- 

-- 

-- 

-- 

5. 

210. 37 

34.  96 

35.  13 

36.  21 

6. 

.  50 

-- 

-- 

-- 

7. 

.  62 

.  98 

.  17 

.  25 

8. 

.  75 

-- 

-- 

-- 

9. 

.  90 

35.  03 

.  20 

.  26 

10. 

211. 02 

-- 

.  21 

.  31 

11. 

.  15 

.05 

-- 

.  31 

12. 

.  27 

.  10 

.  26 

.  32 

29 


EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #16,  TRUCK  #2  (Fair  Record) 


Arr.  #1,  Arr.  #2,  Arr.  #3,  Arr.  #4, 

Mo  ho 

Geoph.  reflection 


No. 

Dist.  app, 

,  vel.  6.  8 

app.  vel.  6  .4 

app.  vel.  7.  0 

app.  vel.  8, 

1.  . 

234.  89 

38.  78 

39.  07 

39.  50 

39.  88 

2. 

235. 01 

.  79 

.  09 

.  52  , 

.  89 

3. 

.  14 

.  79 

.  10 

.  52 

.  90 

4. 

.  26 

.  82 

.  10 

.  55 

.  92 

5. 

.  41 

-- 

-- 

.  57 

.  93 

6. 

.  54 

-- 

.  16 

.  62 

.  96 

7. 

.  66 

.  88 

.  18 

-- 

-- 

8. 

.  79 

-- 

.  21 

.  66 

.  98 

9. 

.  93 

.  95 

.  23 

-- 

40.  00 

10. 

236.  06 

-- 

-- 

‘  -- 

.  01 

11. 

.  18 

-- 

-- 

-- 

-- 

12. 

.  31 

.  98 

.  30 

.  70 

-- 
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EAST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

SHOT  #16,  TRUCK  #2,  (Fair  Record) 
(Continued) 


Geoph. 

Arr.  #5, 

Arr.  #6, 

Arr.  #7, 

Arr.  #8, 

No. 

Dist.  app.  vel.  6.  5 

app.  vel.  6.  1 

app.  vel.  5.  8 

app.  vel.  6.  9 

1. 

234.  89 

40.  19 

40.  38 

41.  13 

41.  62 

2. 

235.  01 

.  21 

-- 

.  14 

.  65 

3. 

.  14 

.  23 

.41 

.  15 

.  66 

4. 

.  26 

-- 

.44 

.  19 

.  68 

5. 

-  •  41 

.  25 

.45 

-- 

-- 

6. 

.  54 

.  29 

-- 

.  23 

.  72 

7. 

.  66 

-- 

-- 

.  26 

.  74 

8. 

.  79 

-- 

-- 

-- 

-- 

9. 

.  93 

-- 

.  55 

.  30 

.  78 

io.\ 

236. 06 

.  32 

-- 

.  35 

.  79 

11. 

.  18 

-- 

-- 

-- 

-- 

12. 

.  31 

-- 

-- 

-- 

-- 

31 


WEST  SHOT  POINT 
ARRIVAL  TIMES  (Sec.  ) 
SHOT  #2,  TRUCKS  #'s  1  and  2 


Geoph. 

1 

1  . 

1  . 

Arr.  ~Wi, 

Arr.  #TT 
Intermediate 
layer  refraction 

Arr.  W4~, 
Mo  ho 
refraction 

No. 

Dist.  app.  vel.  6.  8 

app.  vel.  7. 

5  app.  vel.  7.  6 

app.  vel.  8. 

1. 

189. 46 

31.  28 

31.  69 

32.  03 

32.  26 

2. 

.  58 

-- 

31.  72 

.  05 

.  28 

3. 

.  71 

31.  32 

31.  74 

.  07 

.  30 

4. 

.  83 

.  32 

31.  76 

.  08 

.  32 

5. 

.  98 

.  38 

.  78 

.  11 

.  35 

6. 

190. 11 

-- 

.  79 

.  12 

.  36 

7. 

.  23 

.  39 

.81 

.  13 

.  37 

8. 

.  36 

-- 

.  82 

.  15 

.  39 

9. 

.  51 

.43 

.84 

.  16 

.  40 

10. 

.  63 

.46 

.  86 

.  19 

.  42 

11. 

.  76 

.  87 

.  21 

.  44 

1.  &12. 

.  88 

.49 

.  90 

.  23 

.  46 

2. 

191. 00 

-- 

.  91 

.  24 

.  47 

3. 

.  13 

-- 

.  93 

.  26 

.  49 

4. 

.  25 

-- 

.  95 

.  27 

.  50 

5. 

.40 

-- 

-- 

-- 

-- 

6. 

.  53 

-  - 

.  98 

.  31 

.  54 

7. 

.  65 

-  - 

-- 

.  33 

.  55 

8. 

.  78 

— 

-- 

.  34 

.  57 

9. 

.  93 

-- 

-- 

.  36 

.  58 

10. 

192. 05 

31.  66 

32.  07 

.  37 

.  60 

11. 

.  18 

-  - 

.  10 

.  39 

.  60 
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WEST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #2,  TRUCKS  #'s  1  and  2 


Geoph. 

Arr.  #5, 
Intermed.  lay 
reflection 

Arr.  #6, 
er  limestone 
refraction 

Arr.  #7 

Arr.  #8, 

No. 

Dist. 

app.  vel.  6.  0 

app.  vel.  6.  5 

app.  vel.  6.  4 

app.  vel.  8.  1 

1. 

189.  46 

32.  81 

33.  16 

33.  72 

34.  20 

2. 

.58 

.  84 

.  18 

.  74 

.  21 

3. 

.  71 

.  85 

.  20 

.  75 

.  22 

4. 

.  83 

.  87 

.  21 

-- 

.  22 

5. 

.  98 

.  90 

-- 

.  81 

-- 

6. 

190. 11 

-- 

.  28 

.  26 

7. 

.  23 

-- 

.  30 

-- 

.  32 

8. 

.  36 

-- 

.  32 

-- 

.  32 

9. 

.  51 

33.  04 

.  33 

.  88 

.  35 

10. 

.  63 

.05 

.  35 

.  90 

.  37 

11. 

.  76 

.  08 

.  37 

.  92 

.  40 

1.  &  12. 

190. 88 

.  12 

.  38 

.  94 

.  40 

2. 

191. 00 

.  13 

.44 

-- 

.  43 

3. 

.  13 

.  14 

.46 

-- 

.  43 

4. 

.  25 

.  15 

-- 

-- 

.  44 

5. 

.40 

-- 

-- 

-- 

6. 

.  53 

.  18 

.  49 

-- 

.  47 

7. 

.  65 

.  20 

.  52 

-- 

.49 

8. 

.  78 

.  22 

.  53 

-- 

.  51 

9. 

.  93 

.  22 

.  54 

-- 

.  52 

10. 

192.  05 

.  24 

.  57 

-- 

.  54 

11. 

.  18 

.  26 

.  58 

34.  14 

.  55 

12. 

.  30 

.  28 

.  60 

.  16 

.  57 
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WEST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #2,  Juliet  #2  {Good  Record) 


Geoph. 

Arr.  #1, 
Precambrian 
refraction 

Arr.  #2 

Arr.  #3 

Arr.  #4, 

No. 

Dist. 

app.  vel.  6.  7 

app.  vel.  6, 

.  9  app.  vel.  7.  2 

app.  vel.  3.  6 

1. 

117.  20 

19.  80 

20.  00 

20.  39 

-  - 

2. 

.  70 

19.  88 

.09 

.  47 

20.  70 

3. 

118. 20 

19.  97 

.  16 

.'55 

.  75 

4. 

.  70 

-- 

.  22 

.  60 

.  79 

5. 

119. 20 

20.  10 

.  30 

.  68 

.  87 

6. 

.  70 

20.  18 

.  37 

.  75 

.  93: 

Geoph. 

No. 

Dist. 

Arr.  #5, 
limestone 
refraction 
app.  vel.  8.  3 

Arr.  #6, 

app.  vel.  8. 

Arr.  #7, 
Intermediate 
layer  refraction 
3  app.  vel.  7.  6 

Arr.  #8, 

app.  vel.  8.  0 

1. 

117.  20 

20.  98 

21.  64 

22.  11 

23.  24 

2. 

.  70 

21.  05 

.  73 

.  20 

.  31 

3. 

118. 20 

21.  12 

.  80 

.  26 

.  37 

4. 

.  70 

.  17 

.  85 

.  33 

.  42 

5. 

119. 20 

.  23 

.  92 

.  40 

.  50 

6. 

.  70 

.  29 

.  97 

.  45 

.  55 
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WEST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #2,  Juliet  #2  (Good  Record) 
(Continued) 


Geoph. 

No. 


Dist. 


Arr.  #9,  Arr.  #10, 

Mo  ho 
refraction 

app„  vel.  8.  9  app.  vel.  8.  6 


1. 

117.  20 

23.  43 

24.  93 

2. 

.  70 

.  50 

.  98 

3. 

118. 20 

.  55 

25.  02  ■. 

4. 

.  70 

.  60 

.  10 

5. 

119.  20 

.  14 

6. 

.  70 

.  63 

.  21 

35 


WEST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #2,  Romeo  #2  (Good  Record) 


Arr.  #1, 

Arr.  #2, 

Arr.  #3, 

Arr.  #4> 

Pre  cambrian 

limestone 

Geophone 

refraction 

refraction 

No. 

Dist. 

app.  vel.  6.  5 

app.  vel.  6.  7 

app.  vel.  6.  6 

app.  vel.  6.  9 

1. 

135. 14 

22.  42 

22.  94 

23.  42 

23.  96 

2. 

.64 

.  48 

23.  00 

.  50 

24.  03 

3. 

136.  14 

.  56 

.  07 

.  57 

,  •  10 

4. 

.  64 

.  65 

.  14 

.  64 

.  17 

5. 

137.  14 

.  70 

.  22 

.  72 

.  25 

6. 

.64 

.  80 

.  31 

.  80 

.  32 

Arr.  #5, 

Arr. 

#6,  Arr 

.  #7, 

Geoph. 

layer  refraction 

Moho  refraction 

No. 

Dist. 

app.  vel.  7.  4 

app.  vel. 

7.  2  app.  vel.  9.  2 

1. 

135. 14 

24.  54 

25.  03 

25. 

79 

2. 

.  64 

.  60 

.  08 

• 

83 

3. 

136.  14 

.  67 

.  14 

• 

89 

4. 

.  64 

.  73 

.  21 

• 

94 

5. 

137. 14 

.  80 

.  28 

26. 

00 

36 


WEST  SHOT  .POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #3,  Juliet  #3  (Good  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Precambrian 
refraction 
app.  vel.  12.4 

Arr.  #2, 

app.  vel.  6.  5 

Arr.  #3, 
lime  stone 
refraction 
app.  vel.  8.  1 

Arr.  #4 

app.  vel.  7, 

1. 

99.  39 

16.  94 

17.  29 

18.  13 

19.  42 

2. 

.  89 

-- 

17.  38 

.  15 

.  50 

3.  • 

100. 39 

17.  02 

.44 

.  19 

.  57 

4. 

.  89 

-- 

.  57 

.  28 

.  64 

5. 

101. 39 

-- 

.  61 

.  33 

.  71 

6. 

.  89 

-  _ 

.  67 

.  39 

.  76 

_ L 


Geoph. 

Arr.  #5, 

Arr.  #6, 

No. 

Dist. 

app.  vel.  7.  2 

app.  vel.  7.  8 

1. 

99.  39 

19.  76 

20.  09 

2. 

.  89 

.  85 

.  16 

3. 

100. 39 

.  89 

.  21 

4. 

.  89  : 

-- 

.  28 

5. 

101.  39 

20.  05 

.  34 

6. 

.  89 

.  11 

.  42 
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WEST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 
SHOT  #3,  Romeo  #3  (Good  Record) 


Geoph. 

No. 

Arr.  #1, 
Precambrian 
refraction 

Dist.  app.  vel.  6.  1 

Arr.  #2, 

app.  vel.  7.  4 

Arr.  #3, 

app.  vel.  7.  3 

Arr.  #4, 
limestone 
refraction 
app.  vel.  8.  3 

1. 

146.  37 

24.  26 

25.  30 

25.  68 

25.  90 

2. 

.  87 

.  35 

.  75 

.  97 

3. 

147.  37 

.  39 

.46 

.  76 

26.  00 

4. 

.  87 

.  47 

.  49 

.  88 

.  05 

5. 

148. 37 

-  59 

.  57 

.  96 

.  11 

6. 

.  87 

.  64 

.  62 

.  98 

.  18 

Geoph. 

No. 

Dist. 

Arr.  #5,  Arr.  #6, 

Intermediate  Intermediate 

layer  refraction  layer  reflection 
app.  vel.  7.  8  app.  vel.  8.  9 

Arr.  #7, 
Moho 
refraction 
app.  vel.  6.  0 

Arr.  #8, 

app.  vel.  9.  1 

1. 

146.  37 

26.  27 

26.  46 

-  - 

27.  79 

2. 

.  87 

.  33 

-- 

26.  99 

.  85 

3. 

147.  37 

.  35 

.49 

27.  01 

-- 

4. 

.  87 

.  41 

.  53 

27.  11 

.  96 

5. 

148. 37 

.  47 

.  58 

.  20 

28.  01 

6. 

.  87 

.  54 

.  66 

.  26 

.  07 
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WEST  SHOT  POINT 


ARRIVAL  TIMES  (Secs.  ) 

SHOT  #7,  U.  S.  C.  G.  S.  (305)  (Fair  Record) 


Geoph. 

No. 

Dist. 

Arr.  #1, 
Precambrian 
refraction 
app.  vel.  5.  6 

Arr.  #2, 
limestone 
refraction 
app.  vel.  4.  6 

Arr.  #3, 

app.  vel.  4.  7 

Arr.  #4,  ~ 

app.  vel.  6.  0 

Cl. 

43.  02 

7.  92 

8.  27 

8.  98 

9.  32 

1. 

.  32 

.  96 

.  33 

9.  05 

.  85 

2. 

.  63 

8.  03 

.  41 

.  12 

.  92 

3. 

.  93 

.  08 

.  47 

.  17 

.  95 

Geoph. 

No. 

Dist. 

Arr.  #5, 
app.  vel.  8.  7 

Arr.  #6, 
app.  vel.  7.  7 

- 

- - 

Cl. 

43.  02 

13.  10 

13.  93 

1. 

.  32 

.  13 

.  96 

2. 

.  63 

.  17 

14.  01 

3. 

.  93 

.  19 

.  04 
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WEST  SHOT  POINT 
ARRIVAL  TIMES  (Secs.  ) 

./HOT  #7,  U.  3.  C.  G.  S.  (307)  (Bow  River)  (Fair  Record) 


Arr.  #1,  Arr.  #2,  Arr.  #3,  Arr.  #4, 


Geoph. 

No. 

Dist. 

Precambrian 
refraction 
app.  vel.  6.  2 

app.  vel.  7.  9 

app.  vel.  7.  7 

app.  vel.  7.  7 

CL 

63.  96 

11.  27 

11.  53 

13.  45 

14.  58 

1. 

64.  26 

.  33 

.  58 

.  50 

.  64 

2. 

.  57 

.  37 

.  61 

.  53 

.  68 

3. 

.  87 

.  43 

.  66 

.  58 

.  72 

Geoph. 

No. 

Dist. 

Arr.  #5, 
app.  vel.  7.  7 

Cl. 

63.  96 

15.  28 

1. 

64.  26 

.  32 

2. 

.  57 

.  36 

3. 

.  87 

.  40 

APPENDIX  III 


SHOT  AND  RECORDING 


LOCATION  DIAGRAMS 


SHOT  NO  FOUR,  TRUCK  TWO 


34.  ,  TwP.  17.  R  /4- 


[0.020  km.  E.  o-f  1 
N.E.C.  S  ec.  3  3.  J 


=  4.  MUfS 


SHOT  NO.  5  .  Tft  UCK  ONE 


PHOMF  1 


N  E  C  SEC.  ZO  ,  TWP.  /  &  ,  R  2 4 

PHONE  3  WAS  0.059  KM.  W. 
OF  SECTION  LINE 


ONE  INCH 


4  MILES 


SHOT  NO.  EIGHT,  TRUCK  ONE 


E.  OF  NEC.  SEC  33 


ONE  INCH  MUES 


SHOT  NO  EIGHT  t  TRUCK  TWO 


NEC.  SEC.  3  S  ,  TW  P  17  ,  R  8 


PHONE  I 


[ jHoN£  I A 


wA-S  o,3JO 
p  F  ME  c . 


Km.  CAST' 

sec.  3  &J 


ONE  INCH  -  4  NILES 


SHOT  NO.  10,  TRUCK  ONE 


SHOT  NO. 


10  ,  T  RUC  K 


TWO 


M 


SHOT  NO.  ||  .  T  RUC  K  ONE 


N.s.c.  sec  u.rwp.  n,ft  6 


DROWN  1  N  C-  FORD 

POSlTToN  of  PHoNE 
ONE  IS  0,09  1  KM.  W. 
OP  THE  W  E  STfi  AN  LIrt. 

OF  THE  BE  M  0  I  A/  THE  RO. 

ONf  INCH  •  4  MILES 


SHOT  NO.  M,  TRUCK  TWO 


PHONE  1 


PHONE  3 


NEC  SEC.  2o.TWP  1 6  ,  R  24 


PHONE  3  WAS  O.074  KM.  W. 
OF  SEC  T  ION  LINE 


1  I  NCH  •  4  MI. 

H/ 


M, 


SHOT  H  4  TRUCK  OM£ 


PHoNf  1 


N  E  C.  SEC.  34  ,TWP.  /7  ,  R  Z7 


P  HON/E  12  is  0.085  KM. 
FROM  M  W.C.  SEC.  3)  . 


ONE  I  wc  H  e  4  MI. 


SHOT  12  ,  TRUCK  TWO 


PHONE 

PHONE 


3 

1 


PHONE  3  IS  AT  N.E.C. 
SEC  5  ,TWP.  1 8  ,  R2WS. 


ON*  INCH  »  4  HUES 


SHOT  NO.  J3  ,  TRUCK  ONE 


SHOT 

A/0.  13  TRUCK 

z 

1 

1 

1 

Brjmt 

N.E.C.  SEC.  36 

T  WP  18  ,  R  24 

I 

I  "V- 

PHONE  1 

~  7 

PHOAJ  e  II 

Via  H 

r\ 

one  Inch  j  4 

M2  L  f  S 


PHONE  II  WAS  0.1/8  KM.  FROM 


EAST 


EDGE  OF  ROAD  allowance 


SHOT  /sf.  t  TRUCK  VN  f 


SHOT  14.  ,  TRUCK  TWO 


SHOT  15,  TRUCK  ONE 


west 

Ai.J.OV/1/ANC  £ 


SHOT  15  ,  TRUCK  TWO 


EAST  EDfrf  OF  ROA  0  AUO  WANCJ 


N.r.C.  src.  36 
TWP  17  ,  R  27 


SHOT  /6  ,  TR  Uc  k  oN{ 


PHONE  5  WAS  O.ISI  KM.  WIST  or  West  edge  or  Road 


PHONE  S  /,  2,  3,-f  OMITTED 


ONE  INCH  =  4  MILES 


A  LL  OWA  UlCE 


SHOT  /t  ,  truck  TWO 


R.LC.  SEC  12 
TWp.  /ft  ,  R  29 


N  E  C.  SIC.  3  6 
TWP.  17  ,  R  29 


ONE  INCH  c  4  Ml  L  ES 


PHONE  12  WAS  O.Oio  KM.  EAST  OF  CENTRE  OF  THE  ftoR  D 
ALLOWANCE.  WILL  MORIS  WERE  0.0*4  KM.  EAST  OF  SAME. 


SHOTS  No.  ||  AVO  12 


SHOT  Lo  CATION  1 


0 N £  Inc  H  a  4  MILES 


MILITARY  GRID  Reference: 
SHO  T  #11:  296  I  9/17 

SHOT  **  12  !  2  9  4  091/8 


% 


SHOT  #  13 


S  HOT  LOCATION  I 


owe  inch  •  4  mile  s 


SHOTS  VO. 


3  ,  /+ ,  )S  AND  n 


SHOT  location  ; 


ONE  INCH  S  4  VMi.ES 


MILITARY  GRID  reference-. 
£.  ZSS.2 
V.  3og .  s 


SHOTS  Wo.  4  ,  8  ,  A  NO  iO 


Shot  location  : 


M. 


ONE  INCH  ±  4  MILES 


SHOT  NO.  Z  ,  3  A  NO  7 


SHOT  uoc  AT  lo  (0  : 


SHOT  Point,  n.  e.c.  sec  30  ,twp  it.  r  24 


N  E  C.  SEC.  20  ,TWP  16  R  Z 4 
OLEIC  HEN  SHEET 


ONE  I  Nc  H  *  4  MI  US 


SHOT  NO.  2  .TfUiCKS  i  AMO  Z 


DROWNING  FORO  RANGE 


N.E.C.  SEC. 24,  TWP  17  ,  ft  T 
MEDICINE  HAT  SHEET 


ONE  INCH  -  4  MILES 


Shot  a/o  2  ,  Koaaeo  2 


SHOT  NO.  2  ,  TVL.  2 


pHowt 


W  c  c .  Sec  36 
TWP  )&  ,  H  12 

PHowe  OWE  OW  sec  live 


ON  C  I  /VC  H  =4  1  £S 


shot  Mo.  3 


ftOMfo  3 


N  6.C.  S  EC.  33  ,  TW  fi  18  ,  R  9 

PHONE  i 

ONE  I  Me  H  M7U5 


PHONS  1  IS  AT  N.ff.C. 
TWP.  It,  A9 


SHOT  No.  3  JUL.  3 


S*C.  /9 


SHOT  Mo.  7  U.S.C.G.s.  Gftoup  Mo.  1  (307)  (Sow  river) 


CLUSTER  at  NEC.  S£c.  34.TWR  J7  ,  R  /e 


SHOT  MO.  7  U.S.C.G.S.  GROUP  MO.  2  (  3os) 


N.E.C.  SEC.  3 i>, 
T  W  P.  >7  ,  R  20. 


OWE  I  Me  H  =  4  Ml t  ES 


CLUSTER  C  NE.C.  S£C.  33  ,T  W  P.  H  ,  *  *0  ) 


